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ABSTRACT
The fundamental properties of the binary disilicides CoSij and FeSij have been extensively 
studied. Epitaxial CoSi^ can be formed on silicon, however, it is very difficult to form epitaxial 
FeSij on silicon substrates. With the aim to improve the epitaxial quality of FeSi^ and also to 
study the effect of the incorporation of Fe(Co) into CoSijlFeSij), ternary Fe-Co silicides are 
explored.
This thesis reports a study of the structural and electrical characterisation of surface and bur­
ied ternary Fe-Co silicide layers in Si(lOO) fabricated by ion beam synthesis (IBS). In all cases 
two sets of samples were prepared, with Fe implanted first followed by Co in the first set and 
the implant order was reversed in the second set. Rutherford Backscattering spectrometry, 
four point probe measurements, cross-sectional transmission electron microscopy (XTEM), 
secondary ion mass spectrometry (SIMS) and x-ray photoelectron spectroscopy (XPS) were 
used to assess the synthesised material.
The surface layers can be grouped into three structural classes determined by the composition. 
The Fe(Co) rich layers were found to have the FeSi2(CoSi2) structure for both implant orders. 
However, the layer morphology o f the samples containing approximately equal amounts o f Fe 
and Co was determined by the implant order. When Fe was implanted first the layers were 
non-crystalline and annealing had no significant effect on the crystal quality. However, when 
Co was implanted first epitaxial layers were formed after implantation and there was a signifi­
cant improvement in the crystal quality with increasing anneal temperature. Phase separation 
into Fe and Co rich regions running parallel to the sample surface was observed upon anneal­
ing of the sample containing approximately equal amounts of Fe and Co, when Co was im­
planted first. For both implant orders the sheet resistance increased with increasing Fe content. 
Also for the Fe rich samples the phase transition fi-om the p to the a  phase decreased with in­
creasing Co content. The crystal quality of the buried layers was also determined by the im­
plant order, however phase separation was not observed upon annealing of the samples with 
Co implanted first. The effects of the implantation energy, implantation temperature, interme­
diate anneals and the annealing temperature and time on the morphology of the surface layers 
containing approximately equal amounts of Fe and Co were also examined.
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CHAPTER 1 
INTRODUCTION
Silicides have attracted much attention for several years, with most of research focused on 
the epitaxial silicides on silicon substrates. This interest has been stimulated mainly by their 
use in microelectronic circuits because of their outstanding material properties, e.g. high 
electrical conductivity, high-temperature stability, contact properties and structural perfec­
tion [1,2,3]. Several epitaxial silicides form near ideal metal/silicon interfaces and thus are 
model systems for the study of Schottky barriers. The study of these systems gives one an 
insight into the relation between structural and electrical properties. Applications oriented 
investigations have been stimulated by the use of silicides for ohmic or Schottky contacts, 
gate electrodes and intercoimects [4]. The research has also been driven by the potential 
use of silicides for new devices, such as the permeable base transistor [5] and as a buried 
collector in a bipolar transistor [6].
Almost all metals in the periodic table form silicides when they react with Si [7]. From the 
long list o f silicides CoSi^ seems to be a favourite for the applications mentioned above, 
due to its low electrical resistivity, thermal stability and good lattice match with Si.
Most silicides have metallic properties, however, a few have a phase that exhibits semicon­
ducting characteristics. Recently much interest has been focused on the semiconducting P 
phase o f iron disilicide (p-FeSy, since it has been reported that it has a direct band-gap of 
about 0.87 eV [8,9]. However, the nature of the band-gap, i.e. direct or indirect, is still un­
certain, since some reports have suggested that it has an indirect gap [10,11]. If it does 
possess a direct band-gap it would make this material very attractive for use in near- 
infrared sources since the band-gap energy occurs near the absorption minimum of silica 
optical fibres. FeSij also exists in the metallic a  phase, with the phase transition tempera­
ture from the p to the a  phase occurring at about 950 °C [12]. A metastable cubic y phase 
has also been reported [13,14].
In this work we are interested in ion beam synthesis (IBS) of silicides which involves high 
dose implantation into a heated substrate followed by a high temperature anneal. This 
technique is described in greater detail in chapter 2 .
The possibility of modifying the band structure of p-FeSi, by the addition of a third ele­
ment is of interest. It has been reported that the band-gap can be modified by the addition 
o f Co [15]. High quality epitaxial single crystal CoSij layers [16] can be prepared by IBS, 
while for p-FeSi^, layers with a grain size of a few micrometers are obtained. The grains of 
p-FeSig exhibit several different epitaxial relationships with the Si substrate [17]. With the 
aim to improve the epitaxial quality of FeSi^, ternary Co-Fe silicides have been explored 
[18,19].
The aim of this project is to examine the effect of the IBS fabrication parameters on the 
structural and electrical properties of ternary (Fe,Co)Si2. The entire solid solution range of 
(Fe,Co)Si2 will be studied, i.e. from pure CoSig to pure FeSig. The effect of the implant or­
der on the morphology of the synthesised silicide will also be studied.
In chapter 2 a review of IBS and a literature survey of CoSij, FeSi2 and (Fe,Co)Si2, with 
emphasis on ion beam synthesised material, is presented. A brief review of the oxidation of 
silicides is also presented. Chapter 3 describes the experimental apparatus used in the syn­
thesis and characterization of the silicide layers. The analysis of the Rutherford backscat­
tering spectrometry (RBS) data is also discussed. In chapter 4 results are presented which 
show how the structural and electrical properties of silicide layers are influenced by the 
fabrication parameters. The results are also discussed in chapter 4. Finally, in chapter 5 
conclusions are drawn and suggestions for future work are given.
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CHAPTER 2 
LITERATURE REVIEW
2.1 INTRODUCTION
In this chapter a review of the literature relevant to the work in this thesis is presented. 
The technique of synthesising new materials by ion implantation, called ion beam synthesis, 
is described. A major part of this chapter is devoted to a review of cobalt disilicide, iron 
disilicide and ternary iron-cobalt silicide, with emphasis on ion beam synthesised material. 
As will be seen later, problems with oxidation of the silicide during the annealing process 
were encountered, hence oxidation o f silicides is briefly discussed.
2.2 ION BEAM SYNTHESIS
2.2.1 Introduction to ion beam synthesis
The use of ion implantation for doping semiconductors is a well established technology. 
More recently compound layers, either buried or surface, have been fabricated by using 
high dose ion implantation This technique is called ion beam synthesis (IBS) and is a two- 
stage process involving:
1. the implantation of high doses of energetic ions into a heated substrate; and
2 . annealing at high temperatures to remove any residual radiation damage and to 
redistribute the implanted species into a well defined layer.
Izumi et. al. [1] successfully applied IBS to fabricate silicon-on-insulator (SOI) structures 
by the implantation of high doses of oxygen into silicon. This technique, known as SIMOX 
(separation by the implantation of oxygen), is one of the leading SOI technologies cur­
rently under development for high speed devices [2]. More recently IBS has also been suc­
cessfully applied in the fabrication of metal silicides, which have attracted significant 
attention as result o f their compatibility with the silicon technology. White et. al. [3] were 
the first to report that by implanting high doses of cobalt into single crystal silicon
substrates epitaxial CoSi^ layers could be formed. IBS can be used to synthesise new mate­
rials in substrates other than silicon. However, since we are interested in the synthesis of 
transition metal silicides this review will be biased towards the implantation of transition 
metals into silicon.
2.2.2 Precipitation in a silicon matrix
Transition metal ion implantation into silicon leads to supersaturation because of the small 
solubility of these metals in silicon. Precipitation of a new phase is driven by the minimiza­
tion of the total Gibbs free energy. The change of the Gibbs free energy AG when a new 
phase nucleates, with volume V and interface area A, is given by [4]
AG = V{AGv+^Ge) +Ay (2 .1)
where AGy is the change in the free energy per unit volume due to nucléation of the new 
phase, AGg is the increase in the elastic strain energy per unit volume of the precipitate, 
and y is the specific interface energy. Internal strains occur because of the difference be­
tween the specific volumes o f the unstressed matrix and the unstressed precipitate. AGg 
depends not only on the volume difference, but also on the shape and the epitaxial orienta­
tion of the precipitate relative to the matrix. The interface energy depends on the interface 
structure, and the precipitate shape depends on whether y is isotropic or anisotropic, e.g., 
a spherical precipitate can form only if y is isotropic.
2.2.3 Effects of fabrication parameters
The physical properties of the synthesised material depend on a number of parameters. The 
implanted species and target material are obviously the most important. However, the fab­
rication parameters, such as, ion energy, dose, dose rate, substrate temperature and anneal 
temperature, also play an important part in determining the physical properties of the 
material. The effects of these parameters are discussed briefly below.
(a) Ion energy
The energy of the implanted ion determines the depth of the implanted layer. Since the 
straggling is proportional to the energy, decreasing the implantation energy allows the syn­
thesis o f thin layers.
(b) Dose
It has been found that continuous layers are only formed above a critical dose. This dose is 
determined by the implant energy. It is required that the minimum concentration at the 
peak of the implant profile exceeds half the stoichiometric composition of the synthesised 
layer [5,6]. The total dose determines the thickness of the synthesised layer, and together 
with the implant energy determines whether the layer is buried or on the surface.
(c) Dose rate
The nucléation rate is increased by increasing the dose rate [5]. In addition, higher dose 
rates imply a shorter implant time, and thus less time for diffusion. This results in the 
growth of smaller, finely dispersed precipitates.
(d) Substrate tem perature
For IBS to be successful the substrate needs to be heated in order to keep the substrate 
single crystal, and also to promote diffusion so that precipitates can form. Higher tempera­
tures can accelerate diffusion and increase the size of the precipitates [5]. Since the size of 
the precipitates needs to be smaller than the required thickness of the layer, the substrate 
temperature and dose rate have to be carefully controlled [5].
(e) Anneal tem perature
Subsequent to ion implantation, high temperature annealing is used to remove the residual 
radiation damage and to redistribute the implanted species. In the as-implanted material the 
size and density of the precipitates vary with depth, with the distribution being linked to 
the implantation profile [5,6]. Thus, the precipitates are much larger and more dense at the 
maximum of the profile than at the two tails, as illustrated schematically in Figure 2.1. 
When an implanted sample is heated the larger precipitates grow at the expense of the 
smaller ones. This process is known as Ostwald ripening [7,8,9], and it is driven mainly by
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Figure 2.1. Schematic illustration of the depth distribution of the precipitates with 
depth, z, implanted atom concentration, c-, the average precipitate radius, <r>, and 
the solute concentration, c^ ; before (solid line) and after annealing (dashed line). 
(After ref. [6])
the minimization o f the interfacial energy [5], This ripening process occurs because of the 
dependence of the solute concentration on the precipitate size. The solute concentration 
Cg(r) at the surface of a precipitate of radius r is given by the Gibbs-Thomson equation [10]
Cs(r) = c 1 exp(2yKM7) (2.2)
where c, is the solute concentration at a planar interface (r ->  °®), y the interfacial energy, 
V the volume per impurity atom, k the Boltzman constant, and T the temperature. As a re­
sult of this c, is larger on the surface of a given precipitate than on the surface of a larger 
one. This effect causes a depth dependence of c^ ,, with a minimum at the peak of the im­
plant profile, as shown in Figure 2.1. If  the impurity concentration is high enough precipi­
tate coalescence occurs and leads to the formation of continuous layers.
2.3 COBALT DISILICIDE
2,3,1 Structural properties
CoSij has the cubic CaF^ structure (a = 5.365 Â [11]) with a mismatch of -1.2% com­
pared to Si (a = 5.4301 A). The unit cell contains four Co atoms and eight Si atoms 
[12,13]. One of the most important reasons for the interest in CoSi^ is its thermal stability.
As shown in the phase diagram in Figure 2 .2 , CoSij is a line compound with a very high ^ 
melting point at 1326 °C [14]. CoSi^ is also attractive because of its ability to grow epitaxi­
ally on Si [11].
CoSij layers have been commonly formed by surface-growth techniques in ultrahigh vac­
uum (UHV) [15,16,17]. Using these techniques, growth on S i( l l l)  results in a predomi­
nance of the twinned B-type orientation of CoSij, which is rotated through 180° about the 
[111] direction relative to the aligned A-type orientation [18]. With surface growth meth­
ods the fabrication of single crystal CoSi^ on Si(lOO) is difficult to achieve. This is due to 
the four {111} planes being equivalent, resulting in four possible orientations for B-type 
growth. It has been shown that a mixture of both A and B type crystallites grow on
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Figure 2 .2 . Cobalt-silicon phase diagram. (After ref. [14])
Si(lOO) [19] if surface growth methods are used. On the other hand completely aligned 
single crystal CoSi^ layers can be grown in both Si(lOO) and (111) using IBS [20,21].
2.3.2 Electrical properties
Aside from its thermal stability and its ability to grow epitaxially on Si, CoSij has attracted 
attention because of its low electrical resistivity. IBS CoSi^ layers exhibit superior electri­
cal properties to those grown by deposition techniques. The reported resistivities, at room 
temperature, lie in the range 12-15 pClcm [6,22]. It has been found that layers formed in 
Si(lOO) have lower resistivities than comparable layers in (111) Si [6]. It is also worth not­
ing that the resistivity depends on the thickness of the layer, with the thinner layers having 
higher resistivities [6]. The most striking feature of IBS CoSi^ is the lower resistivity ob­
tained compared to the best obtained by UHV deposition (about 14 pQcm) [23]. It has 
also been reported that rapid thermal annealing leads to lower resistivity values than those 
obtained with conventional furnace annealing [22].
2.3.3 IBS fabrication parameters
The microstructure of IBS CoSi^ layers depends not only on the substrate orientation but 
also on the fabrication parameters, i.e. ion energy, dose, dose rate, implantation tempera­
ture and annealing temperature. Both the energy and dose determine whether the synthe­
sised layer is on the surface or buried. The effects of the above parameters on the 
synthesised layer were discussed in section 2.2.3.
The dose of implanted cobalt required to form a continuous layer o f CoSi^ is dependent 
on the ion energy, due to the straggle increasing with energy. Continuous layers have been 
formed by implanting doses of 2 x 10'^ and 3 x 10 ’^ cm‘^  at 170 keV [24] and 1.1 x 10^  ^
cm"^  at 100 keV [25]. For each implantation energy there is a minimum dose below which 
it is impossible to form a continuous layer, even after annealing. Experimentally it has been 
found that the Co peak concentration before annealing should be at least -19%  [26] for 
the synthesis of a continuous layer. For doses below the critical dose the synthesised layer 
consists of a mixture o f A-type and B-type precipitates embedded in a single crystal silicon
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matrix [27]. When the Co peak concentration reaches the stoichiometric CoSig value, epi­
taxial aligned CoSi^ layers are formed during ion implantation [28]. For higher doses there 
is an excess of cobalt at the peak of the distribution which is accommodated in the form of 
small CoSi inclusions [27,29] and possibly also in lattice sites in the centre of CoSi^ unit 
cells, which are normally unoccupied [30]. It has been found that the crystallinity of the as 
implanted layer improves with increasing dose, with a deterioration in the crystallinity only 
observed at very high doses (greater than 5x10^  ^cm‘^  at 200 keV) [27].
The first reported study of IBS CoSi^ [3] demonstrated the importance of the substrate 
temperature, during ion implantation, in the evolution of the microstructure. It has been 
observed that the crystallinity starts to improve above a critical temperature of approxi­
mately 290 °C and reaches is optimum value at about 350 °C [31]. It appears that the opti­
mum temperature also depends on the dose rate [32]. Dekempeneer et al. [32] studied the 
effect of implantation temperature on the microstructure of as-implanted (100) Si samples. 
They observed an increase of precipitate size with implantation temperature. The effect of 
implantation temperature is best seen after high temperature annealing. After annealing, 
continuous layers are formed for hot implants, but in room temperature implanted samples 
non-continuous layers are formed [6].
Subsequent to ion implantation, high temperature annealing is used to remove the residual 
radiation damage and to redistribute the implanted species. The optimum annealing condi­
tions for the formation of the layer with the best crystallinity was first reported by White et 
al. [3]. They used a two step process, first an anneal at 600 “C for 1 hour followed by an 
anneal at 1000 °C for 1/2 hour. This recipe has since been used successfully by several 
other groups [22,27]. Rapid thermal annealing (RTA) has also been successfiilly used in 
the fabrication of CoSi^ layers [22,27]. Radermacher et. al. [22] reported that the first fur­
nace annealing step at 600°C for 1 hour can be substituted by RTA at 750 °C for 30 sec­
onds. However, the substitution of the second annealing step at 1000°C for 1/2 hour was 
found to be much more problematic. It was observed that not only the annealing times but 
also the heating rates play a crucial role. The best results were obtained by raising the tem­
perature firom 750 °C to 1150 °C in 30 seconds, holding for 10 seconds, and then cooling
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to room temperature. Both the crystallinity and resistivity of the synthesised layers were 
found to be comparable to those obtained by conventional furnace annealing.
2.4 IRON DISILICIDE
2.4.1 Structural properties
FeSij exists in two stable phases: the semiconducting orthorhombic P phase (a = 9.863 Â, 
b = 7.791 Â, c -  7.833 Â [33]) and the metallic tetragonal a  phase (a = b = 2.695 Â, c = 
5.09 Â [34]). The unit cell of the p phase contains sixteen Fe atoms and thirty-two Si at­
oms and the a  phase has one Fe atom and 2 Si atoms [35]. The a-FeSi^ structure contains 
a high concentration of Fe vacancies (about 10%-20% [36]), whereas p-FeSi^ exists in 
nearly stoichiometric composition. A phase transition from the P to a  phase occurs at a 
temperature of about 950®C [33]. However, there is some uncertainty in the value of the 
transition temperature, with values in the range 915 °C to 960 °C being quoted [37]. The 
phase diagram in Figure 2.3 shows the a  to p phase transition at 937 °C and also shows 
that the a  phase can exist with a Si atomic composition between 67 and 73.5% [14].
The orthorhombic structure can be derived from the much simpler cubic CaF^ structure by 
a lattice distortion of the latter structure [38,39]. A theoretical study of FeSi^ [38] has 
shown that if the fluorite phase exists, it would be metallic with the Fermi level lying in a 
very sharp and strong peak, due to the Fe d-orbitals, in the density of states. This leads to 
an instability of the fluorite structure, which undergoes a lattice distortion and relaxes to 
the more stable orthorhombic phase. Recently, the cubic phase which is metastable and is 
designated y-FeSi^ has been synthesised by both solid phase epitaxy (SPB) [40,41] and IBS
[42.43.44] and was found to be stable only in thin layers or small precipitates. The lattice 
constant of the cubic structure is approximately equal to the lattice constant of silicon
[43.44],
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Figure 2.3. Iron-silicon phase diagram. (After ref. [14])
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Because o f its interesting optical properties most effort has been focused on the synthesis 
of the semiconducting p phase. A number of methods have been used to grow P-FeSij, 
such as SPE [45,46,47,48], reactive deposition epitaxy (RDE) [49,50], molecular beam 
epitaxy (MBE) [51] and IBS [52,53,54]. With the exception of MBE, none of these meth­
ods have been successful in synthesising single crystal films. However, there is a strong 
tendency to islanding in MBE grown films [51]. The difficulty in obtaining single crystal 
films is a result of the p-FeSi^ orthorhombic structure allowing several possible epitaxial 
relationships with both Si(lOO) and S i( l l l)  [39,48,55,56].
The epitaxial relationship between P-FeSi^, prepared by SPE, and S i( l l l)  was investigated 
by Derrien et al [39,57]. Two types of epitaxy were observed. The p-FeSi2(101) plane 
grows on the S i( l l l)  plane with the p-FeSi2[010] direction parallel to one of the three 
SKI 10> directions. Since the b and c lattice parameters are very similar for p-FeSij, a sec­
ond, almost equivalent possibility is p-FeSi2( 110) parallel to S i( l l l)  with the P-FeSi2[001] 
direction parallel to one of the three SKI 10> directions. For the two epitaxial relationships 
the mismatches are respectively -5.3% and -5.5% along the Si[112] direction, and +1.4% 
and +2% along the Si[110] direction. Similar results were obtained on the Si(lOO) face 
[39]. The p-FeSi2(100) plane grows parallel to the Si(lOO) plane with the p-FeSi2[010] and 
[001] directions parallel to one of the SKI 10> directions.
Oostra et al [58] synthesised buried layers in both S i( lll)  and Si(lOO) by implanting Fe"*" at 
450 keV and subsequently annealing at 900 °C. They observed that the P-FeSig precipitates 
favour epitaxial growth with respect to the S i( l l l)  planes. In S i( l l l )  substrates this 
causes the growth of a buried layer consisting of large (approximately 5 fxm) precipitates 
with the epitaxial relationships p-FeSi2( 110) or (101) planes parallel to S i( l l l)  planes and 
the p-FeSi2< l l l>  , <001> and <010> directions parallel to SK110>. In Si(lOO) a buried 
layer with relatively small (0.5 |xm) precipitates with several orientations is formed. The 
majority o f these precipitates have orientations such that the {103}, {320}or {13,7,0} 
planes are parallel to Si(lOO). Thus, from a structural point of view, better quality layers 
can be synthesised in Si(l 11) than in Si(lOO). Gerthsen et al [59] observed different epitax­
ial relationships for IBS P-FeSig in S i( l l l)  obtained by implanting Fe^ at 200 keV. They
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used an alternative annealing recipe, the a  phase was formed first and was then converted 
to the p phase (see section 2.4.4 for details). They observed the P-FeSi2(010) or (001) 
plane parallel or slightly off-oriented to S i( lll) . Two different orientations were found 
with the p-FeSijfOOl] direction parallel to Si<110> or the P-FeSigflOO] direction parallel 
to Si<110>.
In contrast with p-FeSij, only limited work has been reported on the a  and y phases. In the 
case o f ot-FeSig we have 2a = 2b = 5.39 Â, which represents a lattice mismatch of 0.7% 
between a-FeSig and Si along the a- or b-axis of a-FeSij, compared to a mismatch of 
about 2-5% for P-FeSi2 on Si. The y phase is expected to have the best match with Si be­
cause o f its cubic structure and similar lattice parameter to Si.
2.4.2 Optical properties
The nature of the band-gap, i.e., direct or indirect, of P-FeSi2 is still uncertain. Optical ab­
sorption measurements of p-FeSij layers grown by SPE indicate a direct band-gap of 
0.85-0.89 eV [46,60,61,62] at room temperature. A direct band-gap of about 0.87 eV was 
observed for layers fabricated by IBS [58,63]. These results are supported by high- 
resolution electron energy-loss spectroscopy on layers fabricated by SPE [64]. However, 
these experimental results are in conflict with bandstructure calculations [38,65] which de­
scribe p-FeSi2 in terms of an indirect gap only slightly smaller than the direct gap. The 
theoretical results are in accord with some experimental results. Giannini et al. [66] ob­
served an indirect gap of about 0.84 eV and a direct gap of about 0.89 eV at 10 K in 
p-FeSij layers fabricated by SPE. At 80 K the indirect gap was about 0.83 eV and the di­
rect gap was about 0.90 eV. Radermacher et al. [67,68] also provided experimental results 
supporting the indirect nature of the band-gap of p-FeSig layers, fabricated by IBS. They 
observed an indirect gap of about 0.86 eV and a direct gap of about 0.875 eV at 77 K. At 
room temperature the indirect gap was about 0.78 eV and the direct gap was about 0.84 
eV. One possible reason for the conflicting experimental results is the different fabrication 
methods used, which may result in material of different crystal quality.
15
The optical properties o f P-FeSi^ layers have also been studied by photoluminescence 
(PL). Dimitriadis et al. [46] performed PL measurements at 1.8 K on layers grown by SPE 
at different temperatures. For the sample grown at 900 °C they observed broad lumines­
cence lines at 0.84, 0.809 and 0.79 eV. They attributed the line at 0.84 eV to the silicide 
layer and suggested that the other lines are due to different phonon replicas of the same re­
combination process. As the growth temperature was reduced several new lines were ob­
served. Luminescence lines at 0.94 and 0.79 eV were observed at 5 K from p-FeSi^ layers 
grown by CVD [69]. The 0.94 eV line is attributed to a direct band-to-band transition, and 
the reason for its high value is thought to be due to strain in the silicide layer. The line at 
0.79 eV is attributed to a transition between the conduction band and an impurity induced 
trap level.
PL measurements have also been performed on p-FeSij layers fabricated by IBS. Hunt et 
al. [54] observed a broad luminescence line between 0.79 and 0.89 eV at 5 K for a sample 
annealed at 900 °C for 1 hour. An increase in the PL signal and a corresponding reduction 
o f the full width at half maximum was observed after annealing at 900°C for 18 hours. 
Radermacher et a l . [68] observed a luminescence line at about 0.8 eV at 2 K from P-FeSi^ 
layers fabricated by a two step annealing process. The implanted material was first an­
nealed at 1150°C to produce the metallic a  phase and subsequently converted to the semi­
conducting p phase by annealing below the phase transition temperature for several hours. 
The PL signal deteriorated (i.e., lower intensity and larger line width) with improved crys­
tal quality, and hence the signal was attributed to defects in the silicon matrix. Dislocations 
in silicon are known to produce luminescence lines in the range 0.8 to 1 eV [70]. Finney et 
al [71] observed a reduction in the intensity of the PL signal from p-FeSi^ with increasing 
temperature, and at about 40 K the luminescence line became indistinguishable from the 
background noise. However, they observed a PL signal up to about 200 K after hydro­
genation. Recently, PL at 80 K has been reported for small precipitates of p-FeSi^ (50-600 
Â in diameter) in a Si matrix [72,73,74]. As in the case of the optical gap measurements 
the lack of agreement for the PL results may be due to the different fabrication methods 
resulting in material with different crystal quality.
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2.4.3 Electrical properties
Without intentional doping, both SPE and IBS grown p-FeSi^ layers were found to be p- 
type [37,46,58], SPE grown layers exhibited room temperature Hall mobilities of about 
1-3 cm W s and hole concentrations of about 2x 10*^10^^  cm'^ [37,46]. Oostra et al. [58] 
observed room temperature mobilities of ~1 cmW s, increasing to -20-25 cm W s at 77 K, 
and hole concentrations of about 10*^ cm'^ at room temperature for layers fabricated by 
IBS. Radermacher et al [68] observed similar hole concentration values (about 9x10^ 
cm’^ ), but considerably higher hole mobilities (about 104 cmW s) at room temperature for 
layers fabricated by IBS. An increase in the mobility proportional to is observed from 
room temperature to about 100 K for layers fabricated by both SPE and IBS [46,68]. Such 
a relationship is characteristic of acoustic phonon scattering [75].
In contrast with P-FeSy few experimental results are available for a-FeSi^. Electrical re­
sistivity measurements at room temperature on layers fabricated by IBS indicate a value of 
about 225 iiQcm [76]. This is comparable to values obtained for single crystals grown by 
a float-zone method (250 pOcm at 273 K) [77],
2.4.4 IBS fabrication parameters
The formation o f precipitates or a continuous layer of silicide is determined by both the en­
ergy and dose of the implanted species and subsequent annealing temperature, similar to 
those discussed previously in section 2.3.3 for CoSi^.
Oostra et al. [52] implanted doses of 3x10’’, 6x10” and 1x10’^  Fe^ cm'^ at an energy of 
450 keV into Si(l 11) and a target temperature of approximately 320°C. The samples were 
then annealed for 30 minutes at 600°C and then at 900°C for 30 minutes. For the dose of 
3x10”  cm'^ p-FeSig precipitates were observed both prior to and after annealing. For the 
dose of 6x10” cm'^ a stoichiometric P-FeSi^ layer was observed prior to annealing. After 
implantation of 1x10’® cm‘^ , P-FeSij together with other Fe rich phases were observed, 
which then transformed into a stoichiometric p-FeSi^ layer upon annealing. Panknin et al.
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[78,79] implanted doses between 2x10”  and 5x10”  Fe^ cm'  ^at an energy of 300 keV into 
Si(lOO) and a target temperature of 350 °C. The samples were then annealed at 600 °C for 
60 minutes and then at 850 “C or 1050 °C to synthesise the P or a  phase respectively. For 
the dose of 2x10” cm'^ only isolated silicide islands were formed and it was impossible to 
form a continuous layer by subsequent annealing. Implantation of doses above 4x10”  cm'^ 
resulted in a continuous silicide layer consisting of a mixture of p-FeSi^ and FeSi. The FeSi 
phase transformed into p-FeSi^ upon subsequent annealing at 850 ^C.
Radermacher et al. [53] developed an alternative method for producing p-FeSi2 by first 
fabricating a-FeSi2 and then transforming it to p-FeSi2 by annealing below the phase tran­
sition temperature. The a  phase was produced by ion implantation and subsequently an­
nealing at 1150 “C for 10 seconds. The a  phase was then transformed into a continuous 
layer of p-FeSi2 by annealing at 750 °C for 20 hours.
Recently the cubic y  phase has been synthesised by IBS [42,43,44]. Precipitates were syn­
thesised in Si(lOO) by room-temperature Fe"*" implantation followed by Si ion beam in­
duced epitaxial crystallization at 320 °C. The precipitates were found to occur in both the 
aligned (A) and twinned (B) types (i.e. rotated about 180* about [111] of type A).
2.5 TERNARY IRON-COBALT SILICIDE
Birkholz and Schelm [35] prepared the ternary iron-cobalt silicide from the melt and dem­
onstrated that substitution of Fe by Co in the P-FeSi2 lattice resulted in n-type material be­
ing obtained. They also showed that the conductivity increased with increasing Co content. 
A similar conductivity dependence was observed by Komabayashi and Ido [80] for thin 
films prepared by rf sputtering using a composite target.
Recently, ternary iron-cobalt silicides have been formed by IBS by Panknin and co­
workers [81,82,83,84]. The silicide layers were synthesised by first implanting Fe*, fol­
lowed by an intermediate anneal, and then implanting Co* into Si(lOO). They reported that
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it was possible to substitute up to 20% of the Fe atoms in the P-FeSij lattice by Co atoms. 
A reduction in the transition temperature from the P to the a  phase was seen with increas­
ing Co content. They also observed a reduction in the band-gap with increasing Co con­
tent. This is in contrast to the results of Finney et al. [71], who fabricated iron-cobalt 
silicide layers by first implanting Co* and then Fe* into Si(lOO). They observed a constant 
band-gap after substituting up to about 2% of the Fe atoms with Co atoms, at which point 
they observed two band-gaps. At higher Co concentrations they observed no band-gap, 
due to the presence of a metallic phase. The conflict in the results is most probably due to 
the different fabrication techniques which produce material of different quality.
Hunt et al. [85] suggested that the formation of an intermediate CoSig layer (containing 
iron) should allow the formation of an epitaxial FeS^ layer (containing cobalt) by reducing 
the lattice mismatch. They implanted two samples, the first was implanted with 4x10”  Co* 
cm'^ and then 4x10’^  Fe* cm'^, while a second was implanted with 5x10” Co* cm'^ and then 
4x10” Fe* cm'^, with both species being implanted at 200 keV. In the first sample segrega­
tion occurred resulting in a Co rich layer containing Fe near the silicide/silicon interface, 
having the CoSij structure, and a Fe rich region containing Co, with the a-FeSig structure. 
The top layer was coherent with the bottom layer which in turn was coherent with the sili­
con substrate. For the second sample, where the implanted Co dose was low, no segrega­
tion was observed, and the layer consisted of grains of a-FeSy several micrometers in 
diameter, in a random orientation similar to that observed for pure FeS^,. They suggested 
that up to at least 10 mole percent of CoSij can be dissolved in the FeS^ layer at 1000 °C 
to produce a polycrystalline layer. This conclusion is similar to that reached by Hesse and 
Bucksch [86] who reported that about 12 mole percent of CoS^ can be dissolved in 
p-FeSij at 750 *C. However, it is lower than the value of about 20% reported by Panknin 
et al [84].
Tan et al [87] implanted Si(lOO) sequentially with doses of 2x10”  Co*cm'^ at 150 keV and 
1.5x10”  Fe*cm'^ at 190 keV, and then used extended x-ray absorption (EXAFS) to deter­
mine the local structure around each implanted species. They found strong reasons to be­
lieve that Co and Fe are mixed and coexist in a ternary phase with the fluorite structure, in 
the as-implanted material. However, annealing at 700 *C for 2 hours in a nitrogen
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atmosphere leads to phase separation into CoSi^ and p-FeSig. Another sample was pre­
pared by implanting 3x10”  Fe*cm'^ and then 2x10” Ni*cm’". They suggested that the role 
of Ni should be the same as Co, since the silicide formation and phase evolution in samples 
implanted with either Co or Ni are identical [88]. They concluded that Fe and Ni mixing 
was incomplete and a mixture of several phases existed in this sample. They were able to 
identify the p-FeSi^ and NiSij phases. They were unable to distinguish whether the remain­
ing material consisted of the ternary (Ni,Fe)Si phase or a mixture of the binary NiSi and 
FeSi phases, however, they believed that the ternary phase was more probable.
Vantomme et al [89] and Tavares et al [90] implanted S i( lll)  sequentially with 6x10” 
Co*cm'^ and 6x10” Fe*cm'^, both species implanted at 90 keV. In the as-implanted sample 
ternary silicide precipitates with the fluorite structure was observed. Most of the precipi­
tates were of the B-type orientation (i.e. rotated through 180° in the (111) direction, with 
respect to the aligned A-type orientation). Annealing this structure at 1000 °C resulted in 
the formation of a continuous buried layer, with phase separation occurring into B- 
oriented CoJFCj.^Sij and twinned a-Fe,^C0 ;_,^ Si2 (both with x close to 1). The volumes of 
the CoJFej.^jSij and a-Fe^ ^Co^ ^^ Sig phases were roughly the same. They reached a similar 
conclusion to Hunt et al [85], i.e., the misfits between a-FeSij and CoSij are less com­
pared to Si, so that epitaxial growth of the a  phase on CoSij is more likely than on Si.
Vantomme et al [89] pointed out that no evidence for the existence of the ternary phase 
with the disilicide composition is found in the Co-Fe-Si phase diagram [91] at 800 °C. Ac­
cording to this phase diagram, phase separation of CoSi^ and FeSig should occur in this 
compositional region. They also rightly noted that such ternary phase diagrams were de­
duced for bulk materials, and that similar alloys might behave totally different in thin films.
2.6 OXIDATION OF SILICIDES
According to Jiang et al [92] exposure to an oxygen ambient of silicides on silicon sub­
strates generally results in the formation of SiO  ^ in preference to metal oxides, with the 
morphology of the silicide layer being preserved. This phenomenon can be explained by
2 0
thermodynamics in terms of the heats of formation. They observed that the linear-parabolic 
law put forward by Deal and Grove [93] for silicon also applies to silicides. It was also 
noted that the parabolic rate constant of both silicide and silicon oxidation are essentially 
the same, wliich indicates that the oxide and the diffusion of oxygen in it are the same for 
silicon and silicides. However, the linear rate constant for the oxide growth on silicides ex­
ceeds that of silicon, and its value varies with the silicide.
The oxidation process can be divided into four major steps [92]:
1. diffusion of oxygen through the SiO^ layer,
2. reaction at the silicide/SiO^ interface,
3. net transport of silicon atoms relative to the metal atoms in the silicide layer, and
4. reaction at the silicon/silicide interface.
In step 3 the dominant diffusing species (i.e. metal or silicon) is determined by the silicide 
type. In CoSij, the silicide dissociates at the silicide/oxide interface and Co diffiises 
through the silicide layer and forms again the disilicide phase at the silicon/silicide interface 
[94]. It was observed that after oxidation the CoSi^ layers preserved their structural prop­
erties, although it was shifted into the substrate by an amount equal to the thickness o f the 
oxide. According to Stolt et al [95] the oxidation of p-FeSi^ and TiSi^ is dominated by 
metal diftusion, while the oxidation of NbSi^ occurs via the motion of Si atoms from the 
substrate to the growing oxide layer. It has been reported elsewhere that, during dry oxi­
dation at 900 °C of p-FeSi^, Fe is the dominant diffusing species, whereas during wet oxi­
dation at 700 °C Si is the dominant diffusing species [96]. It was observed that dry 
oxidation caused a roughening of the silicon/silicide interface. They also reported that the 
silicide structure and semiconducting behaviour were maintained after oxidation, though 
the same group later reported that oxidation appears to be detrimental to current transport 
properties of p-FeSi^/Si structures due to the creation of defects at the silicon/silicide inter­
face [97].
All of the oxidation studies so far have been carried out on silicides that have already been 
formed. The effect of oxidation during the annealing process to form the silicide after ion 
implantation is not known.
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CHAPTERS
EXPERIMENTAL TECHNIQUES AND ANALYSIS
3.1 INTRODUCTION
In this chapter the experimental and assessment techniques used in this research work are 
described in seven sections each including the basic concepts of the technique. The chapter 
follows the sequence of the experimental steps from the material synthesis to the material 
assessment by the various techniques. In terms of material assessment techniques most at­
tention is paid to the principal technique, Rutherford backscattering spectrometry (RBS). 
The analysis of the data obtained from RBS is discussed in detail.
3.2 ION IMPLANTATION
3.2.1 Description of the implanter
All implants were performed on a 400 keV implanter at the University of Surrey [I]. A 
schematic of the implanter is shown in Figure 3.1. Ions are produced in a Freeman ion 
source and are extracted at 20 keV. The source material used was either cobalt bromide or 
iron bromide depending on the required species. Both materials were in a powder form so 
it was necessary to heat them to their sublimination temperature. The discharge in the 
source was supported by argon gas. After extraction from the source the beam is focused 
and is then mass analysed by a magnet with adjustable pole pieces. After exiting the mag­
net the beam enters a homogeneous field accelerator tube and then passes through a quad- 
rupole lens which focuses it. At this point the beam is then deflected to remove neutral 
particles and then finally passes through a scanning system which rasters the beam across 
the sample. The scanning system also includes a 3° trap for neutral particles. If  the neutrals 
are not removed from the beam an error in the implanted dose will occur.
The ions impinging on the surface of the sample being implanted result in the emission of 
secondary electrons from the sample surface. This can produce an error in the
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Figure 3.1. Schematic diagram of ion implanter.
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measurement of the ion dose if an attempt is not made to suppress the emission of these 
electrons. This was achieved by having a negatively charged aperture in front of the sam­
ple. The dose was monitored by measuring the accumulated charge on the sample using a
current integrator.
3.2.2 Implantation of sample
Three inch, single crystal n-type, Si(lOO) wafers with a resistivity of 10-20 flcm were im­
planted with ^^ Fe"^  and ^^ Co  ^ ions. Most of the implants were done at an energy of 200 
keV, although a few samples were also implanted at energies of 250 keV and 300 keV. An 
area of 6.45 cm^ was implanted at the centre o f the wafer. A silicon aperture was used to 
define the implant area and also served the purpose of minimizing the contamination from 
sputtered particles. The sample was tilted so that the normal to the surface was at T  with 
the beam direction to minimize channelling of the incident ions.
During implantation the sample was heated to between 350-600 °C using the power of the 
incident ion beam. Conductive heat losses were minimized by mounting the sample on 
three silicon tips. During the implant the beam current was kept as steady as possible to re­
duce fluctuations in the sample temperature. It was estimated that implanting at 200 keV 
with beam current densities o f 10.8 pA/cm'^ and 15.5 pA/cm’^  would result in a sample 
temperature o f approximately 350 °C and 500 respectively. These estimates are based 
on results obtained from infrared optical pyrometry measurements for oxygen implanted 
into silicon [2]. Most of the cobalt implants were carried out at 350 °C while most of the 
iron implants were done at 500 °C. After implantation the implanted region of each wafer 
was subsequently cleaved into smaller specimens on which various anneal treatments and 
experiments were performed.
A list o f the samples used in this work, together with the fabrication parameters, is pre­
sented in Appendix 2.
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3.3 THERMAL ANNEALING
Annealing was carried out in a Process Products Corporation 2016 RTP halogen lamp sys­
tem, The temperature was monitored by a thermocouple embedded in a silicon support 
wafer. All anneals were performed in a nitrogen ambient. In all cases the annealing system 
was purged with nitrogen for five minutes at room temperature, prior to annealing, to re­
duce the effects of gas phase contaminants. The temperature was then increased to 400 °C 
in one minute, held at 400 °C for one minute, increased to the desired temperature in one 
minute, and then held at this temperature for the required time (usually one hour). The in­
termediate step at 400 °C was performed to remove water vapour adsorbed on the surface 
of the samples and the support wafer. Some samples were annealed for only one minute, 
then a ramp time often seconds from the intermediate to final temperature was used.
3.4 RUTHERFORD BACKSCATTERING SPECTROMETRY
3.4.1 Introduction
Rutherford backscattering spectrometry (RBS) is named after Rutherford for correctly in­
terpreting large angle Coulomb scattering of alpha particles from thin metal foils [3]. The 
method consists of irradiating a target with a monoenergetic beam of light ions such as hy­
drogen or helium. The beam energy is usually in the MeV range, where the upper limit is 
determined by the energy at which nuclear processes begin to occur. The elastically 
backscattered projectiles are detected and their energy analysed, this gives information 
about how the composition varies with depth within the target.
3.4.2 Basie concepts of RBS
The following sections on the basic concepts and interpretation of RBS spectra are based 
on references [4,5 ]. The four basic physical concepts that form the basis of RBS are listed 
below:
1. the kinematic factor.
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2. the scattering cross section,
3. the stopping cross section, and
4. the energy straggling.
Each concept is related to a physical phenomenon which determines the capability or 
limitation of RBS.
(a) Kinematic factor
The kinematic factor, K, relates the energy of the projectile after an elastic collision with a 
target atom to its energy before the collision. The collision is depicted in Figure 3.2. The 
energy, Ej, of the projectile of mass, M ,^ after collision with a target atom of mass, is 
related to its energy, Eg, before collision by the kinematic factor, defined by
Ex=KEo  (3.1)
where
j cos 0 (3.2)
The kinematic factor depends on the masses, Mj and of the projectile and target 
atoms, and the scattering angle, 6. By measuring the energy, Ej, o f particles scattered 
through an angle, 0, the unknown mass, M^, can be found. Thus, the kinematic factor leads 
to the capability of mass perception.
If a target contains two elements that differ in mass by a small amount, AM,, the difference 
in the energy, AEj, of the projectile after collision with the two different atoms, is given by
AEi =Eo(aK/(A^2)AM2 (3.3)
Therefore, in order to obtain good mass resolution we need Eg and dK/dM^ to be as large 
as possible. This can be achieved by increasing the beam energy, using a heavier projectile 
atom, and detecting backscattered particles at a scattering angle close to 180°. One should
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also note that all practical systems have a finite energy resolution, and if AE, falls below 
this limit the distinction between two elements is lost.
(b) Scattering cross section
The likelihood of occurrence of a collision between a projectile and target atom leads to 
the concept of differential scattering cross section, da/dQ. The number of scattered 
particles, Y, detected in a solid angle Q is given by
Y=Q.Nt.{daldü).Q. (3.4)
where Q is the number of particles striking the target, N is the volume density of target 
atoms, and t is the target thickness. For small values of Q  the average differential 
scattering cross section, <da/dQ> can be approximated by do/dO and is usually given the 
symbol G and is referred to as the scattering cross section in the literature. The differential 
scattering cross section for an elastic collision between two atoms in which the force of 
interaction is Coulombic is given by Rutherford's formula,
di2 y  4E J  sm^ 9 2)sin
where Zj and are the atomic numbers of the projectile and target atom respectively and 
E is the energy of the projectile immediately before scattering.
Since G is proportional to Z^  ^RBS is more sensitive to heavy elements than to light ones. 
As o  is also proportional to Z,^ the backscattering obtained from a target atom with a He 
beam (Zj=2) is four times as large as an hydrogen beam (Zj=l). One should also note that 
G is proportional to E' ,^ so the yield of backscattered particle rapidly increases with 
decreasing energy. Finally, since the number of backscattered particles from a given 
element is a measure of the abundance of the element in the target (from equation 3.4), the 
scattering cross section leads to the capability of quantitative analysis of atomic 
composition.
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(c) Stopping cross section
Most of the particles impinging on a target will penetrate into it because the probability of 
Rutherford scattering is very small. As the particle passes through the target it loses 
energy. The energy loss, dE/dx, is due to interactions with electrons in the target, i.e., 
electronic stopping; and interactions with the nuclei of the target, i.e., nuclear stopping.
The energy, E, of a particle at a depth, x, can be approximated by
E  = E o - i % \ . x  (3.6)
where Eg is the energy of the particle at the surface. This approximation is called the 
surface energy approximation, since the energy loss is taken to be constant and equal to its 
value at the surface. This approximation provides good estimates in the surface region of 
the target. The stopping cross section, e, is defined as
S = (3.7)
When the energy loss is due to more than one element in the target, the stopping cross 
section can be calculated using Bragg's rule, which states that the stopping cross section, 
E^ '^ , of a compound A^B^ is given by
8 ^  =  »2E^ +  ME^ (3 .8 )
where E^  and e® are the stopping cross sections of the atomic constituents A and B.
In Rutherford backscattering the energy of all scattered particles is measured, so if one 
knows the rate of energy loss, the depth from which the detected particle is scattered can 
be calculated. Thus the stopping cross section leads to the capability o f depth perception.
(d) Energy straggling
As an energetic particle moves through a target it loses energy through many individual 
encounters. The energy loss process is subject to statistical fluctuations, so identical 
particles do not have the same energy after traversing the same distance. The fluctuation in
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Figure 3.2. Schematic representation of an elastic collision between a projectile of 
mass, Mp and energy, E ,^ and a target atom of mass, M ,^ which is initially at rest. 
After collision the projectile and target atoms have energies, E, and E ,^ 
respectively.
I
KE
Figure 3.3. The trajectories and energies of particles scattered at the surface or at 
a depth, x, perpendicularly below the surface of a target.
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energy loss is referred to as energy straggling. An estimate of the energy straggling is 
given by the Bohr value, Qg, which for a layer of thickness, x, and atomic density, N, is 
given by
a l  = An(Zie'^ŸNZ2X (3,9)
Other models for energy straggling exist which give better estimates than the Bohr model. 
In RBS the energy of the scattered particle is a measure of the depth and/or mass from 
which scattering occurred. An uncertainty in the particle energy due to straggling limits the 
ultimate depth and mass resolution (except for mass analysis of atoms located at the 
surface of the target) of backscattering spectrometry.
3.4.3 Determination of thickness and composition
The energy, E^, of a detected particle can be related to the depth, x, at which scattering 
occurred as depicted in Figure 3.3. A particle scattered at the surface has an energy KE^. It 
can be shown that the energy difference , AE, between a particle scattered at the surface 
and one scattered at a depth x is given by
A £=[8]A x (3.10)
where [e] is called the stopping cross section factor and is given by
M  = [ ^ e ( £ o ) + - ^ 8 ( ^ : E „ ) ]  (3.11)
where Oj and 6  ^ are the angles between the target normal and the incident beam and 
scattered particle respectively; and &(Eq) and 8(KEq) are given by equation 3.7 evaluated at 
energies of E^ and KE^ respectively.
For scattering from a compound target A^B^, the energy difference between a particle
scattered at the surface and one scattered at a depth, x, can have two values, AE^, or AEg,
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depending on whether the particle scattered from an A or B atom. By analogy to equation 
3.10 we have
HEA = { ^ ^ fN ^ x  (3.12)
where is the number of molecules A^ B^^  per unit volume; and by analogy with
equation 3.11 is given by
M f  = [ d ^ e " ( E o )  + (3.13)
where is the kinematic factor for scattering from an A atom, and e^(Eo) and e^(K ^Eq) 
are obtained by evaluating equation 3.8 at energies of E  ^ and K^E^ respectively. Similar 
equations can be written for AEg.
The height of an RBS spectrum for an elemental target at the surface is given by
i ? o = o ( £ o ) a e ^  (3.14)
where E  ^is the energy of a single channel in the multichannel analyser (see section 3.4.5) 
and [8 j is the stopping cross section factor evaluated at the surface. For scattering from a 
depth, X, the height is given by
(3.15)
where E, is the detected energy after scattering from a depth x, and E is the energy just 
prior to the scattering event; the ratio 8(KE)/8(EJ corrects for the change with depth of 
the thickness of a layer of material corresponding to a single channel width, E^ .
Scattering from a compound A^B^ will result in different heights for each element. The 
height at the surface due to scattering from an A atom is given by
= (3.16)
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A similar equation can be written for scattering from a B atom. In analogy with equation 
3.15 scattering from an A atom at a depth, x, is given by
(3.17)
A similar equation can be written for scattering from a B atom. Within the surface energy 
approximation, the ratio of the heights due to scattering from each element is given by
Hb,o  ^  ^ ^
For a thin film of material on a lower mass substrate, the total counts, C, due to scattering 
from the film is in the surface energy approximation given by
C = a ( £ o ) n e j ^  (3.19)
where t is the film thickness, and Nt gives the number of atoms per unit area. In order to 
obtain Nt both O and Q have to be known, which requires an absolutely calibrated system. 
Another way to calculate this value is to use the substrate signal as a reference. By 
combining equations (3.14) and (3.19) we obtain
(3.20)
where subscripts f  and s denote film and substrate respectively; note that is the 
stopping cross section factor of the substrate.
3.4.4 Ion channelling
In addition to mass and depth perception, Rutherford backscattering can provide informa­
tion on the crystallinity of the target. In a crystalline target, a beam incident in a low index 
crystallographic direction can be channelled, i.e. the incident particles are steered by a se­
ries of gentle small angle collisions, and the backscattered yield is called the channelled or 
aligned yield. In a similar manner when the beam enters the target far from a low index
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direction the backscattered yield is called the random yield. Due to the reduction in the 
number of close encounter collisions (as in the random case), channelling results in a re­
duction of the backscattered yield.
Channelling measurements yield the following information about the target material:
1. The amount and depth distribution of lattice disorder.
2. The location of impurity atoms in the lattice sites.
3. The composition and thickness of amorphous layers.
In this work we are especially interested in the first application. The ratio of the channelled 
yield to random yield is usually used as a measure of the crystallinity of the target material.
3.4.5 RBS apparatus and system calibration
A 2 MeV Van de GraafF accelerator at the University of Surrey [6] was used to generate a
1.5 MeV "^ He^  ion beam for RBS analysis. A schematic of the experimental arrangement is 
shown in Figure 3.4. The beam was mass analysed, passed through energy stabilising slits 
and then collimated before entering the target chamber which was maintained at a vacuum 
of the order of 10"^  Torr. A beam current typically in the region of 15-25 nA with a beam 
spot diameter of 1 mm was used. Samples were mounted on rectangular plate which was 
mounted on a goniometer. The goniometer has two axes of rotation (a  and (()) perpendicu­
lar to the beam direction, and a translational stage to position the samples. Secondary elec­
tron suppression is achieved by biasing the target holder at about +200 V with respect to 
earth. During data collection for a random spectrum a  is fixed at -8° and c{) is rocked be­
tween -T  and -9° to minimise channelling effects.
Detection of the backscattered particles is achieved by using a system comprising a surface 
barrier detector, charge-sensitive preamplifier and a pulse shaping amplifier. The detector 
is positioned at a scattering angle o f 160° in the IBM geometry. The detection system has 
an energy resolution of about 15 keV. The output of the amplifier is a pulse of which the 
amplitude is proportional to the energy of the backscattered particle. Pulses of identical 
height are stored in a multichannel analyser at a specific location defined as a channel num­
ber. The multichannel analyser used has 512 channels. The data is stored and processed on
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Figure 3.4. Schematic diagram of the Rutherford backscattering spectrometry 
system.
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a Sun computer.
The energy calibration of the system was obtained by using a reference sample of a thin 
layer of Au on Si. Even a thin layer of Au can shift the position of the Si surface so the 
spectrum of a Si sample was used to confirm the position of the Si surface. The energy due 
to scattering of an element on the surface is given by E j=KEq (equation 3.1). From the 
known value of the kinematic factor (equation 3.2) the energy of the backscattered parti­
cles is calculated for scattering from each element. The energy per channel, E ,^ is defined 
as
C^-Csi
where and Kg^  are the kinematic factors of Au and Si respectively, C^u and Cgj are the 
channel positions of Au and Si respectively and E  ^is the beam energy. The computed val­
ues of the kinematic factors are K^^=0.9242 and Kg.=0.5732. The position of the Au peak 
was always kept fixed at channel 450. The energy offset (i.e. the energy corresponding to 
channel position zero) of the detection system is not constant, so it was necessary to adjust 
the amplifier gain to position the Au peak at channel 450. This resulted in the variation of 
the channel position of the surface Si signal. Thus E  ^was not constant and was found to 
vary between 2.9-3.1 keV/channel.
3.4.6 Interpretation of RBS data
A typical random RBS spectrum encountered in this work is shown in Figure 3.5. The 
spectrum depicts a surface layer of a metal silicide, in this case CoSij, on a Si substrate. 
The spectra of CoSi^ and FeS^ on Si are similar as Co and Fe have similar masses. We are 
interested in obtaining the retained dose of the implanted species, the thickness of the sili­
cide layer and the ratio of the implanted species to Si in the silicide layer. Due to the simi­
lar masses of Fe and Co it is difficult to differentiate between their signals in a RBS 
spectrum. We will demonstrate how these distributions can be obtained with the use of a 
simulation package based on a computer program by Ziegler et al [7].
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Figure 3.5. A typical random RBS spectrum encountered in this work, consisting 
of a 1500 Â thick CoSi^ layer on a Si substrate.
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(a) Retained dose
The retained dose can be obtained from equation 3.20. Thus, from equation 3.20 and Fig­
ure 3.5 we have
= (3.22)
H, was obtained by fitting the spectrum of a Si sample to the spectrum in Figure 3.5 in the 
region corresponding to the substrate. In this work M represents either Fe or Co or a mix­
ture of Fe and Co. From equation 3.5, evaluating and at the same energy we obtain 
for both Fe and Co
^  = 0 . 9 7 [ ^ y  (3.23)
Note that since the signal C^, due to the implanted species, is distributed over an energy 
interval, should be evaluated at the various energies. If a fixed energy is used then a 
better estimate would be obtained by evaluating at the energy corresponding to the 
mid-point of the energy interval over which Cj  ^is distributed (i.e. a mean energy approxi­
mation). For a CoSij layer with a typical thickness studied in this work (about 1500 Â) 
and a 1500 keV beam, the mid-point energy is about 1450 keV. From equation 3.5, G^ is 
proportional to E' ,^ thus, the retained dose is overestimated by a factor o f 1.07 by the sur­
face energy approximation compared to the mean energy approximation.
Combining equations 3.22 and 3.23 and evaluating <3^  using the mean energy approxima­
tion we have
For silicides containing Fe and Co, is given by an average of Zp^  and with the ratios 
of Fe and Co, approximated from the implanted doses, being used as the weighting 
factors.
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(b) Thickness
The thickness of the silicide layer was obtained by utilising equation 3.12. The thickness, t, 
can be obtained from either the Si or the part of the spectrum corresponding to the im­
planted species. Thus, from equation 3.12 and Figure 3.5 we have
/ —______    É&!  (2 25 '^
where and are the stopping due to the metal and Si in the compound re­
spectively, and is the molecular density of the compound. Using the surface energy 
approximation will result in an overestimate of the film thickness since the stopping cross 
section factor increases with decreasing energy. For a CoSij layer 1500 Â thick the stop­
ping cross section factors for Co and Si, using the surface energy approximation, are 
within 2% of those obtained using the mean energy approximation.
(c) Composition
The composition (i.e. the ratio of (Co+Fe) to Si) of the silicide layer at the surface is ob­
tained by making use of equation 3.18. Assuming the silicide layer has the composition 
MSiy then from equation 3.18 and Figure 3.5 we have
(3.26)
For both FeS^ and CoSi^ the ratio = 0.94, thus from equations 3.23
and 3.26 we have
= (3.27)
The composition at a depth, x, can be obtained, within the surface energy approximation, 
by using equation 3.27. However, the appropriate height, corresponding to scattering from 
each element at a depth, x, must be used. One should note that if segregation of Fe and Co 
occurs within the silicide layer then equation 3.27 will give an incorrect result for some 
values of x. This will be discussed further in the simulation section.
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(d) Simulation
Due to their similar masses Fe and Co have similar kinematic factors, for a '‘He projectile, 
Kpg = 0.757 and = 0.768. For = 1500 keV, the energy difference between particles 
backscattered from Fe and Co at the surface is only 17 keV. This value is just within the 
system resolution (about 15 keV). Thus, for a film thicker than a few monolayers, the sig­
nals due to Fe and Co will overlap. A computer simulation program based on a program 
by Ziegler et al [7], capable of the analysis of overlapping signals, has been used to obtain 
the Fe and Co depth distributions in ternary Fe-Co silicides.
The height of a signal due to scattering from an element is proportional to the square of 
the atomic number of the element (see equations 3.5 and 3.14). Thus, the ratio of the 
heights of the signal due to scattering from Co and Fe respectively is about 1.08. The dif­
ference in signal height is demonstrated by the simulations of 1500 Â thick layers of CoS^ 
and p-FeSij on Si substrates, shown in Figure 3.6. Also shown in Figure 3.6 is a simulation 
o f a 1500 Â thick layer of a-FeSij on a Si substrate. For a compound sample the height of 
a signal due to scattering from a particular element is proportional to the quantity of that 
element in the compound (see equation 3.16). Since a-FeSi^ contains approximately 18% 
Fe vacancies one is able to differentiate between a-FeSij and P-FeSij.
Figure 3.7 shows the simulated RBS spectrum of a 1500 Â thick ternary (Co,Fe)Si2 layer 
on a silicon substrate. The layer contains equal amounts of Fe and Co. Also shown in Fig­
ure 3.7 are the spectra for CoSij and p-FeSi^. The height of the metal signal in the ternary 
spectrum is intermediate between that o f the metal signal in the CoS^ and p-FeSi^ spectra. 
Note also that the slopes of both edges of the metal signal for the ternary structure are 
gentler than the corresponding slopes of the binary structures.
From the RBS spectrum one is also able to identify an inhomogeneous ternary silicide 
layer, i.e., when the Fe and Co distributions are not uniform throughout the layer. Figure 
3.8 shows the simulated spectrum of a two layered silicide structure on a Si substrate. The 
structure consists of an upper layer of 1000 Â thick p-FeSi^ on a 1000 Â thick CoS^ layer. 
Also shown are the spectra of the p-FeSi^ and CoSij layers. The peak is a result of the
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Figure 3.6. Simulated random RBS spectra of 1500 A thick CoSy p-FeSi^ and 
a-FeSij layers on Si substrates.
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Figure 3.7. Simulated random RBS spectra of 1500 Â thick COogFCogSi^ , CoSij 
and p-FeSi^ layers on Si substrates.
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Figure 3.8. Simulated random RBS spectrum of a two layered silicide structure on
a Si substrate, consisting of an upper layer of 1000 Â thick P-FeSij on a 1000 Â
thick CoSij layer. The spectra of the p-FeSi^ and CoSi  ^layers are also shown.
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overlapping Fe and Co signals. Shown in Figure 3.9 is the simulated spectrum of another 
two layered silicide structure on a Si substrate. The structure consists of an upper layer of 
1000 Â thick CoS^ on a 1000 Â thick P-FeSi^ layer. Also shown are the spectra of the 
Co Si, and P-FeSij layers. The signals due to scattering from Fe and Co overlap due to the 
finite resolution.
From the above simulations it has been demonstrated that the Fe and Co distributions in a 
ternary system can be obtained from the RBS spectrum. As previously mentioned applying 
equation 3.27 to the spectra in Figures 3.8 and 3.9, to obtain the composition in the region 
where the Fe and Co signals overlap, would lead to an incorrect result.
Finally, many of the samples analysed in this work by RBS have a SiO  ^layer on top o f the 
silicide layer. Figure 3.10 shows the spectrum of a 300 Â thick SiO^ layer on a 1500 Â 
thick P-FeSij layer. Also shown for comparison is the spectrum of the silicide layer with­
out the overlying oxide layer. The oxide layer results in a shift of the Fe signal to lower 
channel numbers.
3.4.7 E rro r in data collection
The error in the retained dose, layer thickness and composition, due to the approximation 
used, has been discussed. As noted these errors can be minimised by using better approxi­
mations, e.g. the mean energy approximation as opposed to the surface energy approxima­
tion. Apart from the error introduced by the method used to analyse the raw data, an error 
will also be associated with the raw data itself.
The data obtained during ion beam analysis will have some variability, and this is reflected 
in the uncertainty of the final result. Errors can be classified as either systematic or ran­
dom. Systematic errors affect each data point in the same way. An example of a systematic 
error is improper charge collection. If  channelled and random spectra are compared to ob­
tain information about the crystallinity of the sample, then it is essential that both spectra 
are normalised to the same charge. It has been found that if both spectra are taken on the 
same day with the same system setup, this error is reduced to a minimum. Random errors
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Figure 3.9. Simulated random RBS spectrum of a two layered silicide structure on
a Si substrate, consisting of an upper layer of 1000 Â thick CoSij on a 1000 Â
thick p-FeSij layer. The spectra of the CoSig and p-FeSi^ layers are also shown.
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Figure 3.10. Simulated random RBS spectrum of a two layered structure on a Si
substrate, consisting of a 300 Â thick SiO  ^layer on a 1500 Â thick P-FeSi^ layer.
The spectrum of the silicide layer without the overlying oxide layer is also shown.
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include errors in judgement during data acquisition. For example, during the acquisition of 
a random spectrum, attention must be paid to ensure that it is a "proper" random spec­
trum. The same holds during the acquisition of a channelled spectrum. However, with care 
most o f these errors can be minimized thus reducing the total error to a minimum, i.e. to 
the statistical limit.
Counting statistics is another example of a random error. Usually we need to apply count­
ing statistics to a case in which we have only one measurement, e.g. the counts in a given 
region of a spectrum, and wish to know the uncertainty associated with that measurement. 
Counting statistics obey the Poisson distribution [8]. Thus , if we have n counts in a given 
region of a spectrum, the standard deviation of that measurement is given by o  = n'^  ^ and 
the fractional error is defined as [9] a/n or 1/n’^ .^
Ten random spectra were acquired for a typical silicide sample encountered in this work. 
The counts under the peak in the implanted region of each spectrum were monitored. The 
counts were found to have a mean value, n = 129875, and a standard deviation, CJ = 239. 
This gives a fractional error in this measurement of 0.18% compared to the theoretical pre­
diction of 0.28%. It is not surprising that the actual error is so small since all spectra were 
acquired in exactly the same way, thus the error in the measurement has been reduced to 
the statistical limit. The best channelled measurement encountered in this work will typi­
cally have about a tenth of the counts of the random measurement. Thus, the expected sta­
tistical fractional error will be about 0.88%.
The degree of crystallinity of a sample is usually determined by taking the ratio of the 
channelled to random yields over the same regions of the spectra. It can be shown that the 
fractional error when counts are divided combine in quadrature sum [9]. This gives a frac­
tional error in the ratio of 0.92%. Thus, if all other sources of errors are eliminated the 
fractional error in the ratio of the channelled to random yields is about 1%.
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3.5 FOUR POINT PROBE TECHNIQUE
The sheet resistance of the sample was measured using a linear four point arrangement 
similar to that shown in Figure 3.11. Probes with an equal spacing, s, of 1 mm were used. 
Rectangular samples with widths, d, o f 4-6 mm and lengths, a, 8-12 mm were used. The 
probes were placed as near to the centre of the sample as possible with the probe array 
parallel to the longest side of the sample. A known current. I, was passed through the 
outer terminals and the voltage, V, between the two inner terminals was then measured. 
For a sample with a thickness much less than the probe spacing the sheet resistance, p^ , is 
given by [10]
P» = *7 (3.28)
where k is the geometric correction factor. For a sample with a length and width much 
larger than the probe spacing, k = Jt/ln2. However, for a sample with a finite dimension, k 
has to be calculated for each sample. The value is determined by the probe spacing, and 
the length and width of the sample. These values have been calculated by Smits [11] for 
rectangular samples.
The simplicity o f the four point probe technique, i.e., the use of pressure probes to make 
ohmic contact to the sample, can introduce its own problems. For a thin layer on a sub­
strate, if the force on the probe is too large, the probe may penetrate the layer, making a 
short circuit to the substrate. Errors can occur in the measurement o f the sheet resistance 
which may be due to a number of factors:
1. For thin layers on a substrate, a leakage current will flow in the substrate. This 
becomes more significant when the resistance o f the layer is comparable to that of 
the substrate.
2. An error will occur in the positioning of the probe array on the surface of the 
sample, since the tabulated values of k are valid only when the array is placed in 
the centre of the sample. The error due to the probe positioning is reflected in the 
measured value of the voltage. Monitoring the voltage for a number of 
measurements, where the sample was repositioned each time, indicated that the
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Figure 3.11. Schematic representation of a linear four point probe arrangement.
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error is less than 2%.
3. A sample with a thin surface layer of an insulating material (such as an oxide) will 
result in the probes not making a good contact.
3.6 SECONDARY ION MASS SPECTROMETRY
In secondary ion mass spectrometry (SIMS) a beam of primary ions impinges onto the 
sample surface and the atoms on the sample surface are sputtered into the surrounding 
vacuum. The sputtered atoms may be either neutral or ionized. The ionized atoms are 
termed secondary ions and are the detected species in SIMS. The secondary ions are mass 
separated and the intensity of the detected signal for each species gives a measure of the 
mass concentration. The emission of secondary ions takes place predominantly from the 
surface layer. However, the depth resolution of the SIMS technique is influenced by the 
collision cascade, due to the impinging primary beam. The cascade produces atomic mix-  ^
ing of the species within the subsurface region, resulting in a modification of the original ; 
unsputtered material [12]. j
The secondary ion yield o f a surface is determined by the chemical and electronic proper­
ties o f that surface, resulting in a wide variation in secondary ion yields between different 
elements. A more bothersome problem in practice is that SIMS also has strong variations 
in the secondary ion yield from the same element in different matrices [12], this is known 
as the matrix effect. The existence of the matrix effect can be a disadvantage when dealing 
with a multiphase system if quantitative information is required. Another problem encoun­
tered in practice is that of the phenomenon of preferential sputtering [12]. This can occur A 
in a two-element system in which one element has a higher sputtering rate than the other, /  
resulting in the surface becoming enriched in the element with the lower sputtering rate.( 
This problem is only encountered in the analysis of the surface of the unsputtered material, [|^  
since once an equilibrium situation is reached the sputtered material leaving the surface has 
the same composition as the bulk material.
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The SIMS measurements were made at Cascade Scientific Ltd. using a Cameca IMS 4f 
spectrometer. An primary beam with an energy of 10 keV and a beam current of 350 
nA was rastered over an area of 175 jim by 175 |im. The depth scales were calibrated by 
measurement o f the crater depths on a Tenor Alpha-Step 200RD. The detected species 
were Co and Fe, so the measurements were carried out under high mass resolution condi­
tions in order to separate the ^^Co and ^^Fe from the interference due to molecular ^^ Si^ S^i 
and “^ Sij respectively. Calibration of the Co and Fe concentrations in the sample was ac­
complished using a relative sensitivity factor which was determined from the analysis of 
ion implanted silicon reference material. One should note, however, that the calculated 
dose can be in error since the reference material is usually implanted with low doses, which 
cannot accurately quantify matrix level concentrations.
3.7 X-RAY PHOTOELECTRON SPECTROSCOPY
The XPS spectra were acquired using a VG Scientific ESCALAB Mk II spectrometer, 
employing Mg k a  radiation with an energy of 1253.6 eV. Depth profiling was performed 
by using cycles of 6 kV Ar"^  ions, with a beam current of 40 p,A, to sputter the layers. Sur­
vey spectra (0-1000 keV) and narrow scans in the Si 2s, Fe 2p3,2, Co 2pg/2, C Is and O Is 
regions were recorded for all samples. The analyser was operated in the fixed analyser 
transmission mode with a pass energy of 50 eV for survey scans, and 20 eV for the narrow 
scans. Data acquisition and analysis was performed by a VGS 5000 data system based on a 
DEC PDP 11/73 computer.
3.8 CROSS SECTIONAL TRANSMISSION ELECTRON MICROSCOPY
For cross sectional transmission electron microscopy (XTEM) analysis the samples were 
prepared by first cleaving into small strips (2mm x 6 mm), which were then glued face to 
face with an epoxy resin. This structure was then divided into slices by cutting with a dia­
mond saw in a direction perpendicular to the longer side.
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One of the slices was then mechanically thinned on both sides to a thickness of about 
30-40 jim using silicon carbide and aluminium oxide grinding papers. Finally a circular 
hole was formed in the centre of the slice by ion milling. During ion milling the sample was 
rotated about an axis perpendicular to the thinned surfaces and bombarded with two low 
energy (< 5 keV) Ar^ beams at a shallow angle (< 15°) to the surface. Ion milling produces 
electron transparent regions around the hole which is necessary for TEM observation. 
However, only the region in the vicinity of the glue line is of interest which is typically 
within about 2000 Â of the surface.
56
REFERENCES
1 J.E. Mynard, C.J. Richmond, C. Knowler, E. Pasztor, R.F. Peart, M.F. Yao, 
P.L.F. Hemment and K G. Stephens, Nucl. Instr. Meth. B6, 100 (1985).
2 P.L.F. Hemment, E. Maydell-Ondmsz, K.G. Stephens, J. Butcher, D. loannou 
and J. Alderman, Nucl. Instr. Meth. 209/210, 157 (1983).
3 E. Rutherford, Phil. Mag. 21, 669 (1911).
4 W.K. Chu, J.W. Mayer and M. A. Nicolet, Backscattering Spectrometry 
(Academic Press, New York, 1978).
5 W.A. Grant, in: Methods of Surface Analysis, ed. J.M. Walls 
(Cambridge University Press, Cambridge, 1990).
6 J.E. Mynard, C. Jeynes, J. Thornton, A. Way, R. Webb, D. Albury,
P.L.F. Hemment and K.G. Stephens, Nucl. Instr. Meth. B6, 264 (1985).
7 J.F. Ziegler, R.F. Lever and J.K. Hirvonen, in: Ion Beam Surface Layer Analysis, 
eds. 0 . Meyer, G. Linker and F. Kappeler (Plenum Press, New York, 1976).
8 Handbook of Modem Ion Beam Analysis, eds. J.R. Tesmer and M. Natasi 
(Materials Research Society, Pittsburgh, 1985).
9 G.F. Knoll, Radiation Detection and Measurement (Wiley, New York, 1989).
10 P.L.F. Hemment, in: Ion Implantation, Science and Technology, ed. J.F. Ziegler
(Academic Press, Orlando, 1984).
11 F.M. Smits, Bell Sys. Tech. J. 37, 711 (1958).
12 D.E. Sykes, in: Methods o f Surface Analysis, ed. J.M. Walls 
(Cambridge University Press, Cambridge, 1990).
57
CHAPTER 4 
RESULTS AND DISCUSSION
4.1 INTRODUCTION
In this chapter the results obtained from the various experimental techniques used in this 
work are presented and discussed. The main experimental technique used to study the 
samples is Rutherford backscattering (RBS) and channelling. Additional information was 
obtained by four point probe measurements, cross-sectional transmission electron micros­
copy (XTEM), secondary ion mass spectrometry (SIMS) and x-ray photoelectron spec­
troscopy (XPS). For the four point probe results sheet resistance values (instead of 
resistivity) of the synthesised layers are presented. This is necessary since some of the syn­
thesised layers (as will be seen later) are not homogeneous. However, since the total im­
planted dose is constant one is still able to observe how the electrical properties of the 
silicide layer changes with the iron to cobalt ratio and the implant order.
Unless stated otherwise the annealing time for all the samples discussed in this chapter is 
one hour. Samples with iron implanted first are referred to as type F, and with cobalt im­
planted first as type C.
In this work the implant energy and dose were chosen to synthesise either a surface or bur­
ied silicide layer. A total implanted dose of 5x10'^ cm'  ^ and 4x10^ cm'^ was used for the 
surface and buried silicide layers, respectively. The retained dose was measured by RBS 
for all samples. For the surface layers the retained dose varied between 4x10*^ cm'^ and 
4.5x10^^ cm'^, though the variation for samples from the same wafer was less than 5%. 
Only three wafers were implanted to synthesise buried silicide layers and the retained dose 
varied between 3.7x10^^ cm'^ and 4x10’^  cm’^ . The greater difference between the im­
planted and retained doses for the surface silicide layers compared to the buried silicide 
layers is thought to be due to the higher sputtering of the implanted species for the surface 
layers.
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In section 4.2 results are presented showing how the structural and electrical properties of 
surface silicide layers change with annealing temperature. The effects of implantation or­
der, iron to cobalt ratio, implantation energy, intermediate anneals, implantation tempera­
ture and annealing time are studied. In section 4.3 results are presented showing the 
influence o f the implant order and annealing temperature on the structural properties of the 
buried silicide layers. In section 4.4 the effects of oxidation of the sample surface, during 
the annealing process, are discussed. Finally, in section 4.5 the role of the implant order in 
determining the silicide layer morphology is discussed.
4.2 SURFACE SILICIDE LAYERS
In this section the effects of the following parameters on the structural properties o f the
synthesised silicide layer are examined:
1. the order of the implanted species,
2. iron to cobalt ratio,
3. implantation energy,
4. implantation temperature,
5. intermediate anneals, and
6. the evolution of the layers with annealing temperature and time.
The dependence of the sheet resistance on the implant order, the iron to cobalt ratio and
the annealing temperature was also studied. For all these samples the total implanted dose 
and implantation energy were chosen so that a surface silicide layer resulted.
4.2.1 Ratio of iron to cobalt
4.2.1.1 Variation of the crystal quality and sheet resistance with annealing 
temperature
(a) 5 X 10^^ Co* cm^ (200 keV)
Figure 4.1 shows the random and channelled RBS spectra for a sample implanted with 5 x 
10^  ^Co^ cm'^ at 200 keV prior to annealing. The RBS spectra of a surface silicide can be 
divided into three main regions. To illustrate this. Figure 4.1 has been divided into regions
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Figure 4.1. Random and channelled RBS spectra for the sample implanted with 
5x10^^ Co^ cm‘^  at 200 keV, prior to annealing.
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labelled (I), (II) and (III). Region (I) corresponds to the depth distribution of the implanted 
metal atoms, which is cobalt for this sample. The channel position of a 1.5 MeV He^ ion 
backscattered by a surface cobalt atom is marked by the arrow labelled Co, and similarly ' 
the silicon surface is marked by the arrow labelled Si. The crystal quality of the silicide \!
layer is quantified by the parameter This is defined as the ratio of the channelled to 
random yields in region (I). In region (II) there is a reduction in the silicon yield which cor­
responds to a lower concentration of silicon atoms due to the presence of the implanted 
cobalt atoms. Regions (I) and (II) both represent the silicide layer, with the high energy 
end of both regions corresponding to the silicide surface and the low energy end corre­
sponding to the silicon/silicide interface. Region (III) corresponds to the silicon substrate 
that lies below the silicon/silicide interface. From the channelled spectrum in Figure 4.1 it 
can be seen that the dechannelled yield rises just below the silicon/silicide interface. This 
has been attributed to the presence of defects lying along the {311} lattice planes [1]. 
These defects are thought to be caused by an excess of silicon self interstitials, resulting 
from the implantation process, which initiate a phase transformation in the silicon from the 
diamond to the hexagonal phase. The degree of damage in region (III) is quantified by the 
parameter Xu which is defined as the ratio of the channelled to random yields in this region.
Figure 4.2 shows the variation in Xu with annealing temperature, T^, from which it is ap­
parent that there is a significant improvement of the crystal quality of the synthesised layer 
as the sample is annealed between 600 ®C and 1000 °C. The value varies from 41%, for 
the as-implanted sample, to about 7% after annealing at 1000 °C. The value of Xm between 
800 °C and 1000 °C increases due to the presence of a surface oxide layer, which results in 
an increase of the dechannelled yield. The oxide is a result of oxygen and/or water vapour 
contamination of the annealing ambient. The oxide layer thickness increases with annealing 
temperature. For comparison the variation in the dechannelled yield with oxide thickness is 
shown in Figure A. 1 for thermally oxidised silicon. The effect of oxidation on the evolu- j 
tion of the silicide layer with annealing temperature will be discussed in section 4.4. It is 
worth noting that there is no significant change in Xm between 800 °C and IOOO°C. From 
the RBS spectra the value of x in CoSi,. can be calculated and its variation with annealing 
temperature is shown in Figure 4.3. For the as-implanted sample x=1.77 at the peak of the 
Co distribution, which indicates that there is an excess of cobalt. The excess cobalt is
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Figure 4.2. Variation o f with for samples implanted with 5x10”  Co* cm'^ at 
200 keV or 5x10”  Fe* cm"^  at 200 keV (ai denotes as-implanted samples).
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Figure 4.3. Variation of the value of x in CoSi^ and FeSi^ with for samples im­
planted with 5x10^  ^Co^ cm‘^  at 200 keV and 5x10^  ^Fe"^  cm’^  at 200 keV, respec­
tively (ai denotes as-implanted samples).
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accommodated in the form of small CoSi inclusions which have an epitaxial relationship 
with the surrounding CoSi^ matrix [2,3]. The stoichiometric disilicide phase (i.e. Si/Co ra­
tio of 2:1 or X = 2) is formed after annealing at 600 ”C and no change is observed on an­
nealing up to 1000 °C. Moreover, annealing improves the crystal quality of the silicon 
substrate and reduces the damage at the silicon/silicide interface. The reduction in damage 
at the interface is indicated by a reduction in Xd from 79%, for the as-implanted sample, to 
24% after annealing at 1000 °C.
Figure 4.4 shows a plot of the variation in sheet resistance, Rg, with T^. The sheet resis­
tance decreases by a factor of about 3.5 after annealing at 700 °C, compared to the as- 
implanted sample, and then no significant change is observed up to 1000 °C. The sheet re­
sistance at 1000 '’C is 0.9 Q/square which translates to a resistivity of 14 pOcm (using a 
layer thickness of 1500 A). The value is comparable to that quoted in the literature [4]. On 
comparing Figures 4.2 and 4.4 it can be seen that Rg varies in a similar way to
(b) 5 X 10^^Fe" cm~ (200 keV)
The random and channelled RBS spectra for a sample implanted with 5x10^’ Fe^ cm'^ at 
200 keV, prior to annealing is shown in Figure 4.5. In contrast to the sample implanted 
with 5 X 10’^  Co'*’ cm'^ no evidence of coherence of the silicide layer with the substrate is 
found. From the spectra in Figure 4.5 a Fe:Si ratio of 1:1.75 was obtained at the peak of 
the iron distribution, which indicates an excess of iron at the distribution peak. This value 
is comparable to that obtained for the sample implanted with cobalt prior to annealing.
The variation in Xm with T^ is shown in Figure 4.2, also shown is the variation in Xm for 
the sample implanted with cobalt. Unlike the CoSi^ sample, Xm for the FeSi^ sample is in­
dependent o f the annealing temperature, and shows no evidence of epitaxy with the silicon 
substrate. This is consistent with the polycrystalline nature of FeSi^ synthesised using sev­
eral methods [5,6]. The variation with annealing temperature of x in FeSi. is shown in Fig­
ure 4.3, which also shows, for comparison, the variation of x in CoSi, .^ The stoichiometric 
disilicide phase is formed after annealing at 700 °C and there is no change in x up to 900 
°C. After annealing at 1000 °C the silicide layer becomes thicker, as shown in Figure 4.6,
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Figure 4.4. Variation of Rg with for the sample implanted with 5x10’’ Co^ cm' 
at 200 keV (ai denotes as-implanted samples).
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Figure 4.5. Random and channelled RBS spectra for the sample implanted with 
5x10” Fe^ cm*^  at 200 keV, prior to annealing.
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and X increases to 2.32. This is a result of a phase transition from the stoichiometric semi­
conducting p phase to the sub-stoichiometric metallic a  phase with the composition 
Feo ggSij. This indicates a 14% vacancy of iron atoms in the silicide lattice which is consis­
tent with the value of 10 to 20% quoted in the literature [7],
Figure 4.7 shows a plot of the variation in Rg with T^. Except for a dip at 800 °C Rg in­
creases with T^ up to a maximum at 900 °C and then decreases to a minimum at 1000 °C. 
The reduction at 1000 °C is a result o f the phase transition from the semiconducting to the 
metallic phase. The increase of Rg with T^ for the semiconducting phase is consistent with 
a reduction in the defect density in the silicide. Using a layer thickness of 1500 Â a resis­
tivity of 0.26 Qcm is obtained after annealing at 900 °C which is a factor of four smaller 
than that obtained for SPE grown p-FeSi^, which was grown on a single crystal Si sub­
strate covered with 0.1 |Lim of thermal oxide. One contributing factor to the lower value 
obtained for our sample is the relatively low value of resistivity (10-20 Qcm) of the sub­
strate used. Using a layer thickness of 1700 Â a resistivity of 243 pQcm is obtained for the 
tetragonal a-phase, which is in good agreement with the value of about 225 pDcm for 
other layers fabricated by IBS [8].
(c) 5 X 10^  ^Co^ cm'^ (200 keV)plus 4.95 x  10^^Fe^ cm^ (200 keV)
The random and channelled RBS spectra for samples implanted with 5x10” Co^ cm'^ at 
200 keV plus 4.95x10”  Fe^ cm'  ^at 200 keV, prior to annealing, are shown in Figures 4.8a 
and 4.8b. The spectra of the type F sample is shown in Figure 4.8a and the spectra o f the 
type C sample is shown in Figure 4.8b. The high dechannelled yield of both samples indi­
cates that the silicide layers are either polycrystalline or amorphous or a mixture o f both. 
The samples are similar to the pure FeS^ sample. From the RBS spectra the metal distribu­
tions o f the two samples have different shapes. In the type F sample the metal distribution 
is symmetrical and peaks at the centre, with a Si/(Fe+Co) ratio of 1.8. In the type C sam­
ple the distribution peaks at the silicon/silicide interface where Si/(Fe+Co) has a value o f 2 
and reduces to 1.7 at the surface.
65
4000
150 200
• random 
 ^ channelled
'H 2000
1000
250 300
Channel number
350 400
Figure 4.6. Random and channelled RBS spectra for the sample implanted with 
5x10^’ Fe^ cm'^ at 200 keV, and subsequently annealed at 1000 for 1 hour.
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Figure 4.7. Variation of Rg with for the sample implanted with 5x10'^ Fe"^  cm'^ 
at 200keV (ai denotes as-implanted samples).
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Figure 4.8. Random and channelled RBS spectra for samples implanted with 
5x10^  ^Co^ cm'^ at 200 keV plus 4.95x10^^ Fe^ cm'^ at 200 keV, prior to annealing:
(a) type F; (b) type C.
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Annealing the samples produced no change in Xm which for both samples remained con­
stant at 100% after annealing between 600 °C and 1000 °C. This behaviour is similar to the 
pure FeSij sample. Annealing, however, did change the metal distribution of both samples, 
resulting in a rectangular metal distribution which indicates that the Si/(Fe+Co) ratio is 
constant in the silicide layer. The stoichiometric disilicide phase is formed for both samples 
at 600 °C (i.e. a Si/(Fe+Co) ratio of 2), and remains unchanged up to 900 “C. Annealing at 
1000 “C results in a phase transition from the semiconducting to the metallic phase, similar 
to the pure FeSij sample. At 1000 °C the Si/(Fe+Co) ratio is equal to 2.35 and 2.32 for the 
type F and type C samples respectively.
The variation of Rg with T^ for both samples is shown in Figure 4.9. For the type F sample 
Rg increased to a maximum at 700 °C and then decreased. This is probably due to a reduc­
tion in the defect density up to 700 °C, which feasibly might lead to an increase in Rg. The 
reduction in Rg after 700 °C could be due to the activation of cobalt, which is a known n- 
type dopant of p-FeSi^ [9,10]. The type C sample behaves in a similar way, however, Rg 
attains its maximum value at 800 °C. There is a sharp reduction in Rg of both samples at 
1000 °C, as a result o f the phase transition which was also observed in the RBS results. 
From Figure 4.9 it can be seen that up to 800 ®C, Rg is larger for the type C sample. This is 
probably a result of a smaller Co/Fe ratio when cobalt is implanted first, due to sputtering 
by the subsequent iron implant. The resistivity of cobalt doped FeS^, is known to decrease 
with increasing Co/Fe ratio. Also in the semiconducting regime both samples have a lower 
value of Rg than that of the pure FeS^ sample, which again is consistent with a reduction 
of Rg with increasing cobalt content.
(d) 5 X 10^^ Co* cm'^ (200 keV)plus 4.5 x 10^^Fe* cm^ (200 keV)
The random and channelled RBS spectra for samples implanted with 5x10^ ® Co^ cm'^ at 
200 keV plus 4.5x10^^ Fe^ cm'^ at 200 keV, prior to annealing, are shown in Figures 4.10a 
for the type F sample and Figure 4.10b for the type C sample. The high dechannelled yield 
of both samples indicates that the silicide layers are either polycrystalline or amorphous or 
a mixture o f both, similar to the samples discussed in section (c). The type F and type C 
samples have a Si/(Fe+Co) ratio of 1.76 and 1.72 respectively.
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Figure 4.9. Variation of Rg with for type F and type C samples implanted with 
5x10^  ^ Co^ cm’^  at 200 keV plus 4.95x10^^ Fe^ cm'  ^ at 200 keV (ai denotes as- 
implanted samples).
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Figure 4.10. Random and channelled RBS spectra for samples implanted with 
5x10^ ® Co^ cm'^ at 200 keV plus 4.5x10^^ Fe"" cm'^ at 200 keV, prior to annealing:
(a) type F; (b) type C.
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Annealing the samples produced no change in which for both samples remained con­
stant at 100% after annealing between 600 °C and 1000 °C. The stoichiometric disilicide 
phase is formed after annealing at 600 °C. Figure 4.11 shows the variation of Si/(Fe+Co) 
with for both samples. An increase of Si/(Fe+Co) occurs between 800 °C and 900 in 
the type F sample, while the increase occurs between 900 °C and 1000 °C in the type C 
sample. This implies that the semiconducting to metallic phase transition occurs at a lower 
temperature in the type F sample. This is probably a result of a smaller Co/Fe ratio when 
cobalt is implanted first, due to sputtering by the subsequent iron implant, since the phase 
transition temperature has been reported to decrease with increasing cobalt content [11].
Figure 4.12 shows the variation of Rg with T^ for the type F and type C samples. The type 
F sample has a lower Rg before the phase transition occurs. This is most likely to be due 
to the higher cobalt content as was discussed previously. For both samples Rg is about an 
order o f magnitude smaller than that obtained for the samples in section (c) where 
Co/(Fe+Co) = 0.01 compared to Co/(Fe+Co) = 0.1 for the present samples. Thus increas­
ing the Co/(Fe+Co) ratio by an order of magnitude leads to an order of magnitude de­
crease in Rg. The variation in Rg confirms the RBS results that a phase transformation 
occurs between 800 °C and 900 °C in the type F sample, and between 900 °C and 1000 ®C 
in the type C sample.
(e) 4 X 10^^ Co* cm^ (200 keV)plus 4 .6 x 10^^Fe* cm^ (200 keV)
Two samples were implanted with 4 x 10^ ® Co^ cm'^ at 200 keV plus 4.6 x 10^  ^Fe^ cm'^ at 
200 keV, one type F and the other type C. The values of Xm Rg were similar to those 
obtained for the samples in section (d). The variation of these values with T^ were also 
similar. This result is not surprising since the small difference in the implanted doses of 
iron and cobalt for the two sets of samples is within the experimental error for the retained 
doses. This result, however, confirms that the implant and annealing conditions are repro­
ducible.
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Figure 4.11. Variation of Si/(Fe+Co) with for type F and type C samples im­
planted with 5x10^ ® Co^ cm’^  at 200 keV plus 4.5x10*^ Fe^ cm'^ at 200 keV (ai de­
notes as-implanted samples).
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Figure 4.12. Variation of with for type F and type C samples implanted with
5x10'* Co* cm'' at 200 keV plus 4.5x10" Fe* cm"’ at 200 keV (ai denotes as-
implanted samples).
72
(f) 1.5 X 10'^ W  cm^ (200 keV)plus 3.5x 10^^Fe^ cnf^ (200 keV)
The random and channelled RBS spectra for samples implanted with 1.5 x 10^  ^Co^ cm “ at 
200 keV plus 3.5 x 10'^ Fe^ cm'^ at 200 keV, prior to annealing, are shown in Figures 
4.13a for the type F sample and Figure 4.13b for the type C sample. From the RBS spectra 
the metal distributions of the two samples have different shapes. In the type F sample the 
metal distribution is symmetric and peaks at the centre, with a Si/(Fe+Co) ratio of 1.83. In 
the type C sample the distribution peaks at the silicon/silicide interface where Si/(Fe+Co) 
has a value of 2.1 and reduces to 1.73 at the surface. The SIMS spectra in Figures 4.14a 
and 4.14b show the iron and cobalt depth distributions for the type F and type C samples, 
respectively, prior to annealing. In Figure 4.14a the iron distribution is relatively flat with 
a small peak at the centre of the distribution, while the cobalt distribution is symmetrical 
and peaks at the centre. In Figure 4.14b the cobalt distribution is flat while the iron distri­
bution increases from the surface towards the silicon/silicide interface. It appears that the 
shape o f the distributions of Fe and Co in the type F and type C samples is influenced by 
the implant order. This is not surprising since the diffusion of the first implanted species 
will occur during the second implant as a result of beam heating and radiation induced ef­
fects. Also the difrusion of the implanted species would be influenced by the morphology 
of the synthesised layer. The layer morphology is significantly different for the type F and 
type C samples based on the RBS results and the XTEM results presented below.
The high dechannelled yield (Xj^  = 100%) of the type F sample (see Figure 4.13a) indicates 
that the silicide layer is either polycrystalline or amorphous or a mixture of both. This con­
jecture is supported by the XTEM micrograph of this sample which is shown in Figure 
4.15a. The silicide layer appears to be predominantly amorphous with crystallites embed­
ded in the amorphous structure. In contrast the type C sample (see Figure 13b) has a much 
lower dechannelled yield (%  ^ = 61%) which suggests that the silicide layer is crystalline 
with defects. The XTEM micrograph of this sample is shown in Figure 4.15b. The silicide 
layer appears to be crystalline with two regions being observed. The region closer to the 
silicon substrate appears to have a columnar structure. The two regions could be due to 
the variation in the metal composition in the silicide layer observed by both RBS and SIMS 
(see Figures 4.13b and 4.14b). In both micrographs damage is observed below the silicide
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Figure 4.13. Random and channelled RBS spectra for samples implanted with 
1.5x10’^  Co^ cm“^ at 200 keV plus 3.5x10^^ Fe^ cm'  ^ at 200 keV, prior to 
annealing:
(a) type F; (b) type C.
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Figure 4.14b. SIMS profiles of Fe and Co for the type C sample implanted with 
1.5x10^’ Co”^ cm‘^  at 200 keV plus 3.5x10^’ Fe^ cm'  ^ at 200 keV, prior to 
annealing.
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Figure 4.15. Bright field XTEM micrographs for samples implanted with 1.5x10” 
Co"^  cm^ at 200 keV plus 3.5x10” Fe"^  cm'  ^at 200 keV, prior to annealing:
(a) type F; (b) type C.
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layer, which is thought to be due to the presence of defects lying along the {311} silicon 
lattice planes [1]. The presence of these defects can also be seen by the peak in the chan­
nelled spectrum, for both samples (see Figures 13a and 13b), just below the silicon/silicide 
interface. These defects and their cause were discussed in section (a).
The variation in Xm with T^ for both samples is shown in Figure 4.16. In the type F sample 
Xm is independent of the annealing temperature, while in the type C sample Xm decreases to 
a minimum value of 41% at 900 °C and then increases again to 88% at 1000 °C.
After annealing the type F sample at 600 °C a structure was observed in the RBS spectrum 
in the region corresponding to the metal distribution. This became more pronounced after 
annealing at 700 °C, and is shown in Figure 4.17. This structure can be caused by either;
1. the metal (i.e. iron plus cobalt) to silicon ratio varying with depth, or
2. a non-uniform distribution of iron and cobalt within the silicide layer (discussed in 
section 3.4.6(d)) but with the total metal concentration constant.
From the RBS spectrum the Si/(Fe+Co) ratio near to the silicon/silicide interface is equal 
to 1.69, and has a value of 2.01 at the silicide surface. It is possible that the region near the 
silicon/silicide interface consists of a mixture of disilicide and monosilicide phases. How­
ever, if this is the case there should be a dip in the Si part of the spectrum corresponding to 
the peak in the metal distribution. Since such a dip is not present one must conclude that 
the structure in the RBS spectrum cannot be due to the metal to silicon ratio varying with 
depth. Therefore, it must be due to a non-uniform distribution of iron and cobalt within the 
silicide layer. The solid line in Figure 4.17 is a simulation of the random spectrum using the 
software package described in section 3.4.6. The fit to the spectrum was made by using a 
model comprising of a surface oxide approximately 100 Â thick and a three layered silicide 
structure with the following thicknesses and compositions: (i) 1150 Â of Feo^jCoo^jSij, (ii) 
350 A of Fco j^COo ssSij, and (iii) a silicon rich layer approximately 50 A thick which is re­
quired to model the effects of a rough interface, caused by factors such as interface steps 
and precipitates at the silicon/silicide interface. Layer (iii) contains about 15% of metal at­
oms. It is not possible to obtain accurate values for the iron and cobalt content in layer (iii) 
since changing the composition does not significantly affect the fit in this region. One
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Figure 4.16. Variation of xû  with for type F and type C samples implanted with 
1.5x10’^  Co^ cm'^ at 200 keV plus 3.5x10’^  Fe"^  cm'  ^ at 200 keV (ai denotes as- 
implanted samples).
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Figure 4.17. Random and channelled RBS spectra for the type F sample implanted 
with 1.5x10^^ Co^ cm'^ at 200 keV plus 3.5x10^^ Fe^ cm'^ at 200 keV, and subse­
quently annealed at 700 °C for 1 hour. The solid line is a simulation of the random 
spectrum.
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should note that both layers (i) and (ii) have the stoichiometric disilicide composition.
Knowing the compositions and thickness of the silicide layers the doses (or atoms/cm^) of 
iron and cobalt in a multi-layered structure can be estimated. For example in a two lay­
ered structure the dose of iron, Dp^ , is given by
Dpe =NMlCFe\t\ (4.1)
where and N ^ , are the total metal atomic densities, and Cp^  ^ are the fractions o f 
iron, and tj and t  ^ are the thickness of layers 1 and 2 respectively. A similar relationship 
can be used to calculate the cobalt dose. For the sample discussed above ~ Nj^ since 
both layers have the stoichiometric disilicide composition. If one is only interested in the 
Fe/Co ratio (i.e. Dp^/D^J then it is not necessary to know the total metal atomic concentra­
tion, though this can be calculated with a knowledge of the lattice constants of the unit 
cell. By ignoring layer (iii) in the above model for the silicide structure, an estimate o f the 
iron and cobalt doses can be obtained. Assuming the silicide layer has the cubic CaF^ struc­
ture, similar to CoSi^, and using the information on the unit cell from section 2.3.1, then 
Nj i^ = 2.59x10^^ atoms/cm\ One then obtains = 1.33x10’^  cm'^ and Dp  ^= 2.55x10'^ 
cm'^ which gives a total retained dose of 3.88x10 cm' .^ If we assume that the silicide
layer has the orthorhombic structure, using the information on the unit cell in section 2.4.1, 
we obtain = 1.37x10^’^ cm'^ and Dp^  = 2.62x10^^ cm’^  which gives a total retained dose 
of 3.99x10 cm‘^ . One should note that for both cases is greater than that ex­
pected for the nominal implanted doses of cobalt and iron. This is not surprising since Fe 
was implanted first and was then sputtered by the subsequent Co implant. From the ran­
dom spectrum in Figure 4.17 and using equation 3.25 a total retained dose of 4x10^^ cm'^ 
was obtained. The values of the retained dose obtained by the two methods are in best 
agreement assuming an orthorhombic structure. However, this is not conclusive proof that 
the structure is orthorhombic since there is an error in the retained dose calculated from 
the random spectrum, introduced by the uncertainty in the raw data and the approximation 
used in dose calculation (see section 3.4). Also, to obtain the dose from the simulated 
spectrum a constant atomic density was assumed. However, density fluctuations are possi­
ble which would result in an error. Also neglecting layer (iii) would result in an
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underestimate of the retained dose obtained from the simulated spectrum. However, re­
sults presented later suggest that the silicide layer has the orthorhombic structure.
Annealing the type F sample at 800 °C produced no significant change, compared with the 
sample annealed at 700 °C. The random RBS spectrum is very similar to that displayed in 
Figure 4.17, indicating that the iron and cobalt distributions within the silicide layer are still 
non-uniform. Figure 4.18 shows the random and channelled spectra after annealing at 900 
°C. The silicide layer is thicker and the Si/(Fe+Co) ratio at the surface of the silicide layer 
increased to 2.32, which indicates that the silicide layer has about 14% metal atoms miss­
ing. This is consistent with a phase transition to a structure similar to that of a-FeSi^. The 
reduction in the slope at the back edge of the metal distribution is due to the roughening of 
the silicon/silicide interface, which could be due to the oxidation of the silicide layer during 
annealing. This will be discussed further in section 4.4. One should also note that a small 
peak at the back interface of the silicide layer is still evident, indicating that the iron and 
cobalt distributions are still non-uniform. Upon annealing at 1000 °C a further reduction in 
the slope at the back interface of the metal distribution is observed. The silicon to metal ra­
tio increases to 2.45 at the front interface, indicating the silicide layer has about 18% metal 
atoms missing. Also the peak at the back interface of the metal distribution no longer 
exists.
Optical absorption measurements between 0.7 eV and 1 eV were performed on samples 
annealed up to 800 °C indicate that the material possess a band-gap. However, this does 
not prove conclusively that the entire silicide layer has the semiconducting orthorhombic 
structure, since a layer with regions of the cubic metallic phase and the semiconducting or­
thorhombic phase would also show evidence of a band-gap. No evidence of a band-gap 
was observed in the sample annealed at 900 °C, which is consistent with the formation of a 
metallic phase. Note that a Si/(Fe+Co) ratio of 2.45 at 1000 “C indicates that the sample 
most likely consists o f a single phase, i.e. an a-FeSi^ like phase. This result strongly sug­
gests that up to 800 °C the silicide layer also consists of a single phase, i.e. a semiconduct­
ing P-FeSij like phase.
82
Annealing the type C sample between 600 and 800 °C produced no significant change in 
the metal distribution in the RBS spectrum. The distribution remained asymmetric, similar 
to the as-implanted sample, with the metal distribution increasing from the surface to the 
silicide/silicon interface. After annealing at 800 °C the silicon to metal ratio varies from 
2.12 at the surface to 1.85 at the silicide/silicon interface. The asymmetric metal distribu­
tion does not necessarily mean that the metal to silicon ratio is varying with depth. This 
could be a result of a non-uniform distribution of iron and cobalt. However, SIMS depth 
profiles indicate that the iron distribution peaks at the silicide/silicon interface while the co­
balt distribution is relatively fiat. Thus, the asymmetric metal distribution is most likely due 
to the non-uniform iron distribution.
The random and channelled RBS spectra after annealing at 900 °C is shown in Figure 4.19. 
The metal distribution is flat with a small peak at the silicide/silicon interface. The random 
spectrum shows that the layer thickness has increased and the silicon to metal ratio has in­
creased to 2.4. This is indicative of transition to the oc-FeSi  ^ type phase with about 17% 
metal vacancies. The SIMS depth profiles of this sample are shown in Figure 4.20. The 
iron distribution is uniform throughout the silicide layer. The cobalt distribution is uniform 
throughout most o f the layer, but a small peak is observed at the silicide/silicon interface. 
This corresponds to the peak observed in the random RBS spectrum, where the silicon to 
metal ratio is equal to 2.28. Note that decreases to a minimum value of 41% after an­
nealing at 900 °C (see Figure 4.16).
The random and channelled RBS spectra after annealing at 1000 °C is shown in Figure 
4.21. No change in the ratio of silicon to metal, compared to the sample annealed at 900 
°C, was observed. The peak in the metal distribution at the silicide/silicon interface is no 
longer present and a roughening o f the interface is observed. The roughening of the inter­
face is believed to be due to diffusion of iron into the substrate as shown in the SIMS 
depth profiles in Figure 4.22. Note also that in the interface region the iron concentration 
is higher than the cobalt concentration, in contrast to the sample annealed at 900 °C. One 
very significant change is in Xm which increases from 41% at 900 °C to 88% at 1000 °C. 
The decrease in the cobalt concentration at the interface and/or the roughening of the in­
terface appears to affect the crystalline quality of the entire layer.
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Figure 4.18. Random and channelled RBS spectra for the type F sample implanted 
with 1.5x10^’ Co^ cm'^ at 200 keV plus 3.5x10^^ Fe^ cm'^ at 200 keV, and subse­
quently annealed at 900 °C for 1 hour.
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Figure 4.19. Random and channelled RBS spectra for the type C sample implanted 
with 1.5x10^’ Co"^  cm'^ at 200 keV plus 3.5x10^^ Fe'*' cm'^ at 200 keV, and subse­
quently annealed at 900 °C for 1 hour.
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Figure 4.20 SIMS profiles o f Fe and Co for the type C sample implanted with 
1.5x10^^ Co'* cm'^ at 200 keV plus 3.5x10^^ Fe^ cm'^ at 200 keV, and subsequently 
annealed at 900 °C for 1 hour.
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Figure 4.21 Random and channelled RBS spectra for the type C sample implanted 
with 1.5x10'^ Co"^  cm'^ at 200 keV plus 3.5xl0‘^  Fe'*' cm'^ at 200 keV, and subse­
quently annealed at 1000 °C for 1 hour.
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Figure 4.22 SIMS profiles of Fe and Co for the type C sample implanted with 
1.5x10'^ Co^ cm‘^  at 200 keV plus 3.5x10^^ Fe"" cm‘^  at 200 keV, and subsequently 
annealed at 1000 °C for 1 hour.
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optical absorption measurements were performed on samples annealed up to 800 °C. Simi­
lar to the type F sample, evidence of a band-gap was found in this material. Like the type F 
sample it is very likely that up to 800 °C the silicide layer is a semiconductor with a p-FeSij 
like structure. After annealing at 900 °C the sample appears to be metallic, in agreement 
with the RBS result, which indicates the material has an ot-FeSi^ like structure.
The variation of Rg with for the type F and type C samples is shown in Figure 4.23. For 
the type F sample Rg decreases from 55 ^2/square in the as4mplanted state to 25 O/square 
at 700 °C, and then decreases slightly at 800 °C, after which it drops to about 11 Q/square 
at 900 °C. The decrease at 900 °C coincides with the observed phase transition from the 
RBS data. No significant change in Rg occurs between 900 °C and 1000 °C. The type C 
sample behaves in a similar manner to the type F sample, Rg decreases from 85 
Ohm/square in the as-implanted state to 44 fl/square at 700 °C. It then decreases slightly 
at 800 °C and then drops to 13 O/square at 900 °C. Similar to the type F sample the de­
crease at 900 °C coincides with the observed phase transition in the RBS data. At 1000 °C 
Rg increases to 27 ^/square, coinciding with the observed increase of Xm (see Figure 
4.16). Up to 900 °C, where the trend of Rg with T^ is similar for both samples, the type F 
sample has a lower value of Rg. This is probably due to the smaller Co/Fe ratio when co­
balt is implanted first, as was previously discussed.
( g )  2.5 X 10^^ Co^ c m ^  (200 keV)p l u s  2 .5 x  10^^Fe* cwF (200 keV)
Figures 4.24a and 4.24b are the random and channelled RBS spectra for samples im­
planted with 2.5x10^^ Co^ cm'^ at 200 keV plus 2.5x10’^  Fe^ cm‘^  at 200 keV prior to an­
nealing. The spectra o f the type F and type C samples are displayed in Figures 4.24a and 
4.24b respectively. In the type F sample the Si/(Fe+Co) ratio at the peak of the metal dis­
tribution has a value of 1.7, and is equal to 1.8 in the type C sample. The SIMS spectra in 
Figures 4.25a and 4.25b show the iron and cobalt distributions for the type F and type C 
samples respectively, prior to annealing. For the type F sample the Fe concentration de­
creases from the surface to the midpoint of the distribution and is constant through the rest 
of the layer. The peak of the cobalt distribution occurs just beyond the midpoint closer to 
the silicon/silicide interface. The shapes of the Fe and Co distributions are reversed for the
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Figure 4.23. Variation of Rg with for type F and type C samples implanted with 
1.5x10’^  Co^ cm’^  at 200 keV plus 3.5x10^’ Fe^ cm'  ^ at 200 keV (ai denotes as- 
implanted samples).
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Figure 4.24. Random and chanelled RBS spectra for samples implanted with 
2.5x10^’ Co^ cm’^  at 200 keV plus 2.5x10'^ Fe"^  cm'  ^at 200 keV, prior to annealing: 
(a) type F; (b) type C.
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Figure 4.25a. SIMS profiles of Fe and Co for the type F sample implanted with 
2.5x10’^  Co^ cm'^ at 200 keV plus 2.5x10’^  Fe^ cm’^  at 200 keV, prior to annealing.
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Figure 4.25b. SIMS profiles of Fe and Co for the type C sample implanted with 
2.5x10'^ Co^ cm'  ^at 200 keV plus 2.5x10'^ Fe"^  cm'  ^at 200 keV, prior to annealing.
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type C sample. In this case the Fe concentration increases from the surface to the 
silicon/silicide interface while the Co concentration decreases from the surface to the 
silicon/silicide interface. Similar to the results presented in section (f) the shape of the Fe 
and Co distributions in the type F and type C samples is influenced by the implant order. 
Note that for the type F sample the tails of the two distributions coincide while for the type 
C sample the Fe distribution has a longer tail than the Co distribution. This could be due to 
channelling because Fe is implanted into crystalline cobalt disilicide for the type C sample 
while Co is implanted into polycrystalline iron disilicide for the type F sample.
The high dechannelled yield (%^=100%) of the type F sample indicates that the silicide 
layer is either polycrystalline or amorphous or a mixture of both. The XTEM micrograph 
of this sample is shown in Figure 4.26. The sample consists of a continuous silicide layer at 
the surface with precipitates below the layer. The silicide layer appears to be either poly- 
crystalline or polycrystalline plus amorphous. The structure o f the layer could not be deter­
mined by electron diffraction. The selected area diffraction (SAD) pattern, shown in Figure 
4.27a, from the precipitate region shows 'twin' spots, i.e. extra spots attributable to regions 
of cubic structure in a {111} twin (B-type) relation to the substrate. Non-cubic structures 
could generate 'twin' spots but additional spots would be expected. The dark field image in 
Figure 4.27b shows that the 'twin' spots are due to precipitates with the cubic CoSi^ struc­
ture in the B-type orientation. In Figure 4.27b {311} defects are visible below the 
precipitates.
The type C sample has a much lower dechannelled yield (Xm^ 45%) than the type F sam­
ple. The XTEM micrograph of this sample is shown in Figure 4.28a. The sample consists 
of a continuous silicide layer with precipitates below the layer. The microdiffraction pat­
tern in Figure 4.28b shows that the silicide layer has the cubic CoSi^ structure, oriented 
parallel to the silicon substrate. This observation of the cubic structure in this sample is in 
agreement with the results of others [12,13,14], presented in section 2,5. The microdiffrac­
tion pattern in Figure 4.29a, from the silicon/silicide interface, shows faint additional spots 
in Si(OOl) positions. These spots, which are forbidden in Si and CoSi2, are indexable as 
a-FeSijCOOl). The dark field image in Figure 4.29b shows that these reflections arise from 
a region at the silicon/silicide interface about 100 Â thick. The orientation, a-FeSi2(001)
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Figure 4.26 Bright field XTEM micrograph for the type F implanted with 2.5x10” 
Co^ cm^ at 200 keV plus 2.5x10” Fe  ^cm'  ^at 200 keV, prior to annealing.
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Figure 4.27. Type F sample implanted with 2.5x10” Co^ cm'  ^ at 200 keV plus 
2.5x10” Fe  ^ cm^ at 200 keV, prior to annealing: (a) selected area diffraction pat­
tern from the region below the silicide layer; (b) dark field image using diffracted 
spot from a precipitate.
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Figure 4.28. Type C sample implanted with 2.5x10” Co* cm^ at 200 keV plus
2.5x10” Fe* cm^ at 200 keV, prior to annealing: (a) bright field XTEM image;
(b) cubic microdifffaction pattern from the silicide layer.
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Figure 4.29. Type C sample implanted with 2.5x10” Co* cm^ at 200 keV plus 
2.5x10” Fe* cm'  ^ at 200 keV, prior to annealing: (a) microdiffraction pattern from 
the silicon/silicide interface; (b) dark field image using diffracted spot from the 
silicon/silicide interface.
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parallel to Si(OOl) surface plane, is one that provides a good lattice match (see section 
2.4.1). The presence of a layer with the a-FeSi^ structure indicates a higher Fe/Co ratio in 
this interfacial region which is indeed the case and can be observed in the SIMS spectra in 
Figure 4.25b. The presence of the high temperature a-FeSi^ phase, instead o f the thermo­
dynamically stable P-FeSig phase, is probably due to the better lattice match with silicon 
(see section 2.4.1). Similar observations have been made by Lin et al [15,16] after ion- 
beam-induced epitaxial crystallization. Similar to the type F sample, the precipitates below 
the silicide layer were shown by diffraction and dark field imaging to have the cubic CoS^ 
structure with the B-type orientation. Also {311} defects are visible below the precipi­
tates. Schematic representations of the structure of the type C and type F samples are 
shown in Figure 4.30.
The variation in with T^ is shown in Figure 4.31 for both samples. For the type F sam­
ple Xm does not change with T^. For the type C sample increases from 45% for the as- 
implanted sample, to 57% at 700 °C and then decreases to 9% at 1000 °C.
The random and chaimelled RBS spectra of the type F sample after annealing at 600 °C is 
shown in Figure 4.32a. The Si/(Fe+Co) ratio at the silicon/silicide interface is equal to 
1.86, increases to 2 at the dip in the metal distribution and then decreases to 1.75 at the 
surface. Using the same argument given in section (f), the shape of the metal distribution 
must be due to non-uniform distributions of Fe and Co within the silicide layer. At 700 °C 
the random RBS spectrum is similar to that in Figure 4.32a. The random and channelled 
spectra after annealing at 800 °C are shown in Figure 4.32b. Note only a single peak is 
now evident, indicating a uniform distribution of Fe and Co throughout the layer. The 
Si/(Fe+Co) ratio at the peak of the distribution equals 1.84. This metal rich composition is 
possible if the silicide layer consists of a mixture of disilicide and monosilicide phases. Tan 
et al [12] have observed a mixture of disilicide (P-FeSij and N iS y  and monosilicide (ter­
nary (Fe,Ni)Si) phases in a sample implanted with Fe and Ni (see section 2.5). The 
Si/(Fe+Co) ratio increases to 2.1 at 900 °C and is equal to 2.2 at 1000 °C. The increase in 
the Si/(Fe+Co) ratio at 900 °C is consistent with a phase transition. Based on this composi­
tion the silicide layer probably consists of a mixture of cubic CoSi^ like and a-FeSij like
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Figure 4.30. Schematic representations of the structure of the type C and type F 
samples implanted with 2.5x10*^ Co^ cm'^ at 200 keV plus 2.5x10^^ Fe^ cm'^ at 200 
keV, prior to annealing.
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Figure 4.31. Variation of with for type F and type C samples implanted with 
2.5x10'^ Co"" cm’^  at 200 keV plus 2.5x10’^  Fe^ cm‘^  at 200 keV (ai denotes as- 
implanted samples).
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Figure 4.32. Random and channelled RBS spectra for the type F sample implanted 
with 2.5x10^^ Co^ cm'^ at 200 keV plus 2.5x10'^ Fe"^  cm'  ^at 200 keV:
(a) annealed at 600 ®C for 1 hour; (b) annealed at 800 °C for 1 hour.
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phases. Note that if it is assumed that the a  phase has about 18% metal vacancies, this 
would give a Si/(Fe+Co) ratio of about 2.4. Assuming that the cubic CoSi^ phase has a ra­
tio equal to 2, the average ratio assuming equal amounts of both phases is equal to 2.2. 
This is in excellent agreement with the ratio obtained from the random spectrum of the 
sample annealed at 1000 °C. It seems likely that the sample annealed at 1000 °C consists of 
a microcrystalline mixture of approximately equal amounts of CoS^ (with small amounts 
of Fe) and a-FeSi^ (with small amounts of Co). As mentioned above the as-implanted sam­
ple is likely to consist of a mixture of disilcide (p-FeSij and CoSij) and monosilicide (ter­
nary (Fe,Co)Si) phases. It appears that annealing results in the phase separation and 
conversion of the ternary monosilicide into the binary disilicides. The p phase is then con­
verted to the a  phase at higher temperatures.
The random RBS spectrum of the type C sample, after annealing at 600 °C, is similar to 
that of the as-implanted sample. However, in the channelled spectrum the yield has in­
creased, with Xm equal to 48% compared with 45% for the as-implanted sample. The ran­
dom and channelled RBS spectra after annealing at 700 °C are shown in Figure 4.33. The 
splitting of the peak corresponding to the Fe and Co signals indicates that Fe and Co dis­
tributions in the silicide layer are non-uniform, due to segregation of Fe and Co within the 
silicide layer. This is confirmed by the SIMS spectra shown in Figure 4.34. Also note that 
Xm has increased to 57%. The increase o f Xm is most likely due to the reordering of Fe and 
Co within the silicide layer. The splitting of the metal peak became progressively more 
pronounced as the sample was annealed up to 1000 °C and as will be proved later this is 
due to phase separation into a multi-layered structure. As noted in section 2.5 no evidence 
for the existence of the ternary silicide is found in the Co-Fe-Si phase diagram [17] at 800 
°C. However, the following results proves the existence of a ternary phase at 1000 °C.
Figure 4.35 shows the random and channelled RBS spectra for the type C sample an­
nealed at 1000 °C. The silicide region exhibits a high degree of coherency with the sub­
strate, and the damage at the silicon/silicide interface has been reduced, compared with the 
as-implanted sample (see Figure 4.24b). The solid line in Figure 4.35 is a simulation of the 
random spectrum. The fit to the spectrum was made by using a model comprising of a sur­
face silicon dioxide approximately 150 Â thick and a four-layered structure with the
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Figure 4.33. Random and channelled RBS spectra for the type C sample implanted 
with 2.5x10^^ Co^ cm'^ at 200 keV plus 2.5x10^^ Fe'*' cm'  ^ at 200 keV, and subse­
quently annealed at 700 °C for 1 hour.
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Figure 4.34. SIMS profiles of Fe and Co for the type C sample implanted with 
2.5x10’^  Co'*' cm‘^  at 200 keV plus 2.5x10'^ Fe^ cm‘^  at 200 keV, and subsequently 
annealed at 700 °C for 1 hour.
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Figure 4.35. Random and channelled RBS spectra for the type C sample implanted 
with 2.5x10*^ Co^ cm'  ^ at 200 keV plus 2.5x10'^ Fe^ cm'^ at 200 keV, and subse­
quently annealed at 1000 °C for 1 hour. The solid line is a simulation of the random 
spectrum.
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following thicknesses and compositions: (i) 525 Â of Feo5gCOo26SÎ2, (ü) 350 Â of 
FCo igCOgg^ Sig, (iii) 625 Â ofFe^ggCooggSi ,^ and (iv) a silicon rich layer approximately 300 Â 
thick which is necessary to model the effect of the rough interface. The first and third Fe 
rich layers are metal deficient and have a stoichiometric composition similar to a-FeSij 
while the intermediate Co rich layer has a disilicide stoichiometric composition. The fit to 
the spectrum is good, suggesting that the layer thickness and stoichiometric values are 
close to the real ones. The fit is supported by results from XPS depth profiling, XTEM and 
microdifffaction all of which are presented in the following paragraphs.
Figure 4.36 shows an XPS depth profile of the type C sample annealed at 1000 °C. The 
area beneath the Si 2s, C Is, 0  Is, Fe 2pg/2 and Co 2p3^ peaks were measured as a function 
of etch time and then corrected to produce an atomic percentage versus etch time plot. 
The O and Si concentrations of approximately 67% and 33% reveals the presence of a sur­
face oxide layer which was observed in the RBS analysis. Below the oxide layer there are 
three easily identifiable areas: (i) a region of Fe rich ternary silicide, (ii) a Co rich silicide 
region and (iii) another thicker silicide layer which is Fe rich. Note that at the 
silicon/silicide interface the Co concentration is higher than the Fe concentration. There is 
an error of approximately 10% in the XPS atomic concentrations as the X-ray beam 
probes over a large surface area which is made slightly uneven due to the fact that the Ar^ 
beam sputters different elements preferentially [18].
Figure 4.37 shows the bright field XTEM micrograph of the type C sample after annealing 
at 1000 °C. Three distinct layers are visible, which is consistent with the model of a multi­
layered structure used in the RBS simulation. The microdifffaction patterns firom these 
three layers are also shown in Figure 4.37. The uppermost of these layers is revealed by 
microdifffaction to have a tetragonal structure. This suggests an a-FeSij like structure 
with Co replacing 32% of the Fe atoms in the lattice (as determined by the fit to the RBS 
spectrum in Figure 4.35). The middle layer consists of a cubic CoSi^ like structure with ap­
proximately 18% of the Co atoms being replaced by Fe atoms. The third layer has the 
same tetragonal structure and stoichiometry as the first layer. A striking feature is the 
sharp interfaces between the intermediate silicide layer and the layers surrounding it. At 
the silicon/silicide interface steps are observed with sharp interfaces along the {111} and
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Figure 4.36. Plot o f atomic cencentration (%) versus Ar* etch time for the type C 
sample implanted with 2.5x10”  Co* cm'^ at 200 keV plus 2.5x10”  Fe* cm'^ at 200 
keV, and subsequently annealed at 1000 °C for 1 hour. Calculated from XPS peak 
intensities.
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{100} planes. Similar steps have been observed in Co implanted Si [4,19]. Note that the 
region containing the interface steps has been modelled as a Si rich layer in the RBS simu­
lation, and the XPS depth profile indicates that the Co concentration is higher than the Fe 
concentration in this region. In addition the implant induced damage below the silicide has 
been reduced in comparison to the as-implanted sample (see Figure 4.28a).
The variation of Rg with for the type F and type C samples is shown in Figure 4.38. For 
the type F sample Rg decreases from 15 Q/square in the as-implanted state to 6 Q/square 
at 700 °C. This value remained constant upon annealing up to 900 °C. An increase to 9 
fl/square was observed after annealing at 1000 “C. The increase in Rg can be due to sev­
eral factors, such as: (i) the increase in the surface oxide layer thickness observed with 
RBS, (ii) the roughening of the silicon/silicide interface, and (iii) the increase of the 
Si/(Fe+Co) ratio from 2.1 at 900 °C to 2.2 at 1000 °C. For the type C sample Rg decreases 
from 14 n/square in the as-implanted state to 4 ^sq u are  at 800 “C and then increases to 
about 6 n/square at 1000 °C. Note that between 600 °C and 700 ®C Rg is slightly higher 
for the type C sample, corresponding to an increase in Xm observed in this temperature 
range. Above 700 Rg is slightly lower for the type C sample. As was previously men­
tioned the type C sample is expected to have a lower Co/Fe ratio, which has translated into 
a higher value of Rg for the samples discussed so far. Thus, the slightly lower Rg for the 
type C sample above 700 °C may be due to the difference in structures.
(h) 3.5 X 10^^ Co^ cm'^ (200 keV)plus 1.5x 10^^Fe^ cm^ (200 keV)
Figures 4.39a and 4.39b are the random and channelled RBS spectra for samples im­
planted with 3.5x10^^ Co^ cm'^ at 200 keV plus 1.5x10^^ Fe^ cm'^ at 200 keV prior to an­
nealing. The spectra of the type F and type C samples are displayed in Figures 4.39a and 
4.39b respectively. The ratio Si/(Fe+Co) at the peak of the metal distribution is equal to 
1.74 and 1.77 for the type F and type C samples, respectively. The metal distribution of the 
type F sample has a sharp front edge while the distribution of the type C sample is more 
symmetrical. The type F sample has a Xm o f 97% while for the type C sample Xm “  43%. 
These values are similar to that o f the sample implanted with equal doses o f Fe an Co.
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Figure 4.37. Bright field XTEM micrograph for the type C sample implanted with 
2.5x10'^ Co^ cm  ^ at 200 keV plus 2.5x10'^ Fe^ cm"^  at 200 keV, and subsequently 
annealed at 1000 °C for 1 hour. Regions (i) and (iii) show a tetragonal microdiffrac- 
tion pattern and (ii) shows a cubic microdifffaction pattern.
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Figure 4.38. Variation of with for type F and type C samples implanted with
2.5x10'^ Co  ^ cm'  ^ at 200 keV plus 2.5x10” Fe"^  cm^ at 200 keV (ai denotes as-
implanted samples).
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Figure 4.39. Random and channelled RBS spectra for samples implanted with 
3.5x10^’ Co^ cm'  ^at 200 keV plus 1.5x10'^ Fe^ cm'  ^at 200 keV, prior to annealing:
(a) type F; (b) type C.
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The variation of with is shown in Figure 4.40 for both samples. For the type F sam­
ple decreases with annealing temperature, from 97% in the as-implanted state to 85% 
at 1000 °C. For the type C sample increases from 43% in the as-implanted state to 55% 
at 700 °C, it does not change significantly at 800 °C and then decreases to 10% at 1000 °C. 
The behaviour of with annealing temperature is similar to that for the sample implanted 
with equal doses of Fe and Co.
The random RBS spectrum of the type F sample, after annealing at 600 °C, is similar to 
that of the as-implanted sample. The shape of the metal peak in the random spectrum, after 
annealing at 700 °C was symmetrical with a flat top and the ratio Si/(Fe+Co) increased to 
1.97. There was no significant change in the shape of the random spectrum after annealing 
at 800 and 900 ®C, however, the Si/(Fe+Co) ratio increased slightly to 2.05 for both 
samples. The random and channelled RBS spectra after annealing at 1000 are shown in 
Figure 4.41. Note that now the metal peak is no longer flat topped and peaks at the back 
interface. Also the Si/(Fe+Co) ratio has increased to 2.10 at the midpoint of the metal dis­
tribution. Similar to the type F sample implanted with equal doses of Fe and Co, the sam­
ple annealed at 1000 ®C is likely to consist of a mixture of a-FeSij (with small amounts of 
Co) and CoSi^ (with small amounts of Fe). If  one assumes that the abundance of these 
phases are in proportion to the implanted doses of Fe and Co then an average Si/(Fe+Co) 
ratio of 2.1 is obtained. This is in good agreement the value obtained fi*om the RBS 
spectrum.
The random RBS spectrum of the type C sample after annealing at 600 °C is similar to that 
of the as-implanted sample. However, the channelled yield has increased, with Xm equal to 
52% compared to 43% for the as-implanted sample. The first signs of phase separation 
were observed after annealing at 700 °C, the random and channelled RBS spectra are 
shown in Figure 4.42. Note that Xm has increased to 55%. The splitting of the metal peak 
became progressively more pronounced as the sample was annealed up to 1000 °C. Also 
Xm has decreased from 55% at 700 °C to 10% at 1000 °C. The observed phase separation 
and the behaviour of Xm is similar to that of the sample implanted with equal doses of Fe
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Figure 4.40. Variation with for type F and type C samples implanted with 
3.5x10^^ Co^ cm"^  at 200 keV plus 1.5x10^^ Fe"' cm'  ^ at 200 keV (ai denotes as- 
implanted samples).
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Figure 4.41. Random and channelled RBS spectra for the type F sample implanted 
with 3.5x10’’ Co^ cm‘^  at 200 keV plus 1.5x10”  Fe"" cm'  ^ at 200 keV, and subse­
quently annealed at 1000 ®C for 1 hour.
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Figtire 4.42. Random and channelled RBS spectra for the type C sample implanted
with 3.5x10” Co  ^cm'  ^ at 200 keV plus 1.5x10” Fe  ^ cm‘^  at 200 keV, and subse­
quently annealed at 700 °C for 1 hour.
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and Co. It is speculated that the increase in between 600 °C and 700 °C is due to the re­
ordering of Fe and Co within the silicide layer, necessary for phase separation.
Figure 4.43 shows the random and channelled RBS spectra of the type C sample after an­
nealing at 1000 °C. The solid line in Figure 4.43 is a simulation of the random spectrum. 
The fit to the spectrum was made by using a model comprising of a surface layer of silicon 
dioxide approximately 100 Â thick and a four-layered structure with the following thick­
nesses and compositions: (i) 775 Â ofFeg^gCOgggSi ,^ (ii) 675 Â ofFegggCOo^gSi ,^ (iii) 175 Â 
of FCoggCoog^Sij, and (iv) a silicon rich layer approximately 150 Â thick, which is necessary 
to model a rough interface. This model agrees well with the SIMS spectra shown in Figure 
4.44. The first and third layers are Co rich, and are thought to have the cubic CoS^ struc­
ture, the intermediate layer is metal deficient and is believed to have the a-FeSij structure.
The variation of Rg with T^ is shown in Figure 4.45. The sheet resistance for both samples 
follows the same general trend of decreasing with T^. The dependence of Rg on T^ is quite 
similar to that observed in the sample implanted with equal doses of Fe and Co. Between 
600 °C and 800 °C Rg is slightly higher for the type C sample. Though the difference is 
quite small one should note that this correlates with the increase in observed in this re­
gion. Above 800 °C Rg is lower for the type C sample. As was previously speculated (in 
section 4.2.1.1(g)), this may be due to the difference in the structures of the type F and 
type C samples.
(i) 4 .5X 10^^ Co^ cm^ (200 keV)plus 5 x  10^^Fe" cm'^ (200 keV)
Figures 4.46a and 4.46b show the random and channelled RBS spectra for samples im­
planted with 4.5 X 10’’ Co^ cm'^ at 200 keV plus 5 x 10’® Fe^ cm'^ at 200 keV prior to .an­
nealing. The spectra of the type F and type C samples are displayed in Figures 4.46a and 
4.46b respectively. The Si/(Fe+Co) ratio at the peak of the metal distribution is equal to 
1.83 and 1.77 for the type F and type C samples respectively. Both samples attained the 
stoichiometric disilicide composition (i.e. Si/(Fe+Co) = 2) at 700 °C and no change in this 
ratio is observed upon annealing up to 1000 °C.
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Figure 4.43. Random and channelled RBS spectra for the type C sample implanted 
with 3.5x10'^ Co- cm'  ^ at 200 keV plus 1.5x10'^ Fe^ cm'  ^ at 200 keV, and subse­
quently annealed at 1000 °C for 1 hour. The solid line is a simulation of the random 
spectrum.
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Figure 4.44. SIMS profiles of Fe and Co for the type C sample implanted with 
3.5x10^^ Co^ cm‘^  at 200 keV plus 1.5x10^^ Fe^ cm'  ^at 200 keV, and subsequently 
annealed at 1000 °C for 1 hour.
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Figure 4.45. Variation of Rg with for type F and type C samples implanted with 
3.5x10’^  Co'  ^ cm'^ at 200 keV plus 1.5x10^^ Fe"^  cm‘^  at 200 keV (ai denotes as- 
implanted samples).
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Figure 4.46. Random and channelled RBS spectra for samples implanted with 
4.5x10’’ Co^ cm'^ at 200 keV plus 5x10’® Fe^ cm ’ at 200 keV, prior to annealing:
(a) type F; (b) type C.
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The variation in with is shown in Figure 4.47 for both samples. For the type F sam­
ple decreases from 51% in the as-implanted state to 7% at 1000 °C, For the type C 
sample Xm decreases from 31% in the as-implanted state to 6 % at 1000 °C. The large dif­
ference in Xm Ibr the two samples in the as-implanted state and at low annealing tempera­
tures can be explained by considering the matrix into which the second species is 
implanted. For the type F sample, Co is implanted into a disordered Si matrix containing 
small precipitates o f FeS^ which have several possible epitaxial relationships with the Si 
matrix. On the other hand, for the type C sample, Fe is implanted into a crystalline CoSi^ 
layer containing defects, like that described earlier in section (a) for the sample only im­
planted with cobalt which has a%^ of 41%.
It appears that around 900 °C the degree of disorder in the type F sample has been reduced 
so that it is similar to that o f the type C sample. No signs of phase separation are observed 
for either sample. Also the stoichiometry of both samples at 1000 °C (Si/(Fe+Co) = 2) in­
dicates a cubic CoSij like structure, with Fe replacing some of the Co atoms in the lattice.
The variation of Rg with T^ for the type F and type C samples is shown in Figure 4.48. The 
value of Rg and its variation with T^ is quite similar for both samples.
(j) 4.95 X 10^^ Co^ cm'^ (200 keV) plus 5 x 10^  ^Fe^ cm'^ (200 keV)
Figures 4.49a and 4.49b show the random and charmelled RBS spectra for samples im­
planted with 4.95 X 10”  Co^ cm"’ at 200 keV plus 5 x 1 0 ” Fe’^ cm"’ at 200 keV prior to an­
nealing, for the type F and type C samples, respectively. The Si/(Fe+Co) ratio at the peak 
of the metal distribution is equal to 1.75 and 1.82 for the type F and type C samples, re­
spectively. Both samples attained the stoichiometric disilicide composition (i.e. Si/(Fe+Co) 
= 2) at 700 °C and no change in this ratio is observed upon annealing up to 1000 °C.
The variation in with T^ is shown in Figure 4.50 for both samples. For the type F sam­
ple Xu decreases from 40% in the as-implanted state to 7% at 1000 °C. For the type C 
sample Xu decreases from 40% in the as-implanted state to 6 % at 1000 °C. Both samples
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Figure 4.47. Variation of with for type F and type C samples implanted with 
4.5x10'^ Co”" cm‘^  at 200 keV plus 5x10^ ® Fe"^  cm'  ^ at 200 keV (ai denotes as- 
implanted samples).
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Figure 4.48. Variation of Rg with for type F and type C samples implanted with
4.5x10^  ^ Co  ^ cm‘^  at 200 keV plus 5x10^ *^  Fe'*’ cm'  ^ at 200 keV (ai denotes as-
implanted samples).
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Figure 4.49. Random and channelled RBS spectra for samples implanted with 
4.95xl0‘^  Co^ cm"^  at 200 keV plus 5x10*  ^Fe^ cm'^ at 200 keV, prior to annealing:
(a) type F; (b) type C.
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have similar values except at 600 °C . Like the samples described in the previous sec­
tion it appears that both samples have a cubic CoSij like structure with Fe replacing some 
of the Co atoms in the lattice.
The variation of Rg with for the type F and type C samples is shown in Figure 4.51. The 
value of Rg and its variation with T^ is quite similar for both samples. Note the values are 
very much the same as the CoSi^ sample (see Figure 4.4). This is not surprising consider­
ing the fact that the Fe dose is only about 1% of the total implanted dose.
4.2.1.2 Variation of the crystal quality and sheet resistance with composition
In the previous section the variation of the crystal quality, the sheet resistance, Rg,
with the annealing temperature, T^, was presented for each sample. This section is in­
tended to bring the results of all the samples together for a fixed temperature.
The variation of with the Fe/(Fe+Co) ratio is shown in Figure 4.52a for the as- 
implanted type F and type C samples. For both samples the general trend is that in­
creases with the Fe/(Fe+Co) ratio. The one exception to this trend is the type C sample 
with Fe/(Fe+Co) = 0.1 which has a lower Xm than the sample with Fe/(Fe+Co) = 0.01 The 
most likely reason for this is that the temperature during the Fe implant (about 500 °C) is 
higher than the temperature during the Co implant (about 350 °C), and therefore there is 
an annealing effect, thus reducing the density of defects. For the sample with Fe/(Fe+Co) = 
0.01 the Fe implant time is too short to have any significant annealing effect. The variation 
of Rg with the Fe/(Fe+Co) ratio is shown in Figure 4.52b for the as-implanted type F and 
type C samples. For both samples Rg increases with Fe/(Fe+Co). Reasons for the differ­
ence in both Xm and Rg for the two types of samples have been given in the relevant sec­
tions for each sample and so will not be repeated here.
Both Xm and Rg, for the samples annealed between 600 °C and 900 °C, follow the same 
trend as the as-implanted samples. The variation of Xm with the Fe/(Fe+Co) ratio is shown 
in Figure 4.53a for the type F and type C samples annealed at 1000 °C. This variation is
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Figure 4.50. Variation of Xm with for type F and type C samples implanted with 
4.95x10'^ Co'*' cm’^  at 200 keV plus 5x10'^ Fe^ cm'  ^ at 200 keV (ai denotes as- 
implanted samples).
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Figure 4.51. Variation of Rg with for type F and type C samples implanted with
4.95x10'^ Co'*' cm'  ^ at 200 keV plus 5x10'^ Fe  ^ cm'  ^ at 200 keV (ai denotes as-
implanted samples).
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Figure 4.52. Variation o f and Rg with the Fe/(Fe+Co) ratio for the type F and 
type C samples, prior to annealing: (a) versus Fe/(Fe+Co); (b) Rg versus 
Fe/(Fe+Co).
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similar to that for the as-implanted samples. Note that %u the CoSi^ sample is slightly 
higher than that for the sample with an Fe/(Fe+Co) ratio equal to 0.01, this is thought to 
be caused by the dechannelling effect of a thicker surface oxide. The variation of Rg with 
the Fe/(Fe+Co) ratio is shown in Figure 4.53b for both samples annealed at 1000 '‘C. For 
the type F samples Rg increases with the Fe/(Fe+Co) ratio up to Fe/(Fe+Co) = 0.9 and 
then remains constant. The type C samples follow the same general trend as the type F 
samples, except for the sample with Fe/(Fe+Co) = 0.7. The high value of Rg for this sam­
ple coincides with an increase in (see section 4.2.1.1(f)).
4.2.2 Implantation energy
(a) 2.5 X 10^  ^Co^ cm'^ (250 keV) plus 2.5 x  10^^Fe^ crri^  (200 keV)
The random and channelled RBS spectra for the samples implanted with 2.5 x 10^  ^ Co^ 
cm'^ at 250 keV plus 2.5 x 10^  ^Fe’*' cm'^ at 200 keV, prior to annealing, are shown in Fig­
ures 4.54a and 4.54b for the type F and type C samples, respectively. The ratio Si/(Fe+Co) 
is equal to 1.88 in the type F sample and 1.71 in the type C sample, indicating an excess of 
metal at the peak of the metal distributions in both samples. In the type F sample is 
equal to 96% prior to annealing and 97% after annealing at 1000 ®C. The RBS spectrum 
(not shown) indicates that the type F sample annealed at 1000 °C is thicker and richer in 
silicon compared to the as-implanted sample, with Si/(Fe+Co) = 2.19 at the peak of the 
metal distribution. This result is similar to that for the type F sample in section 4.2.1.1(g) 
and it is likely that this sample consists of a mixture of equal amounts of the CoSi^-like and 
(x-FeSig-like phases. For the type C sample the as-implanted material and its evolution with 
the annealing temperature is significantly different to the type F sample. The as-implanted 
sample has a %u value of 68% which increases to 72% after annealing at 700 °C. Afi;er an­
nealing at 700 °C a split in the peak corresponding to the Fe and Co distribution in the 
RBS spectrum was observed. This phenomenon, previously discussed for other samples, 
indicates that the Fe and Co distributions within the silicide layer are non-uniform due to 
phase separation. Note that the increase of between the as-implanted and 700 °C an­
nealed samples is likely to be due to the reordering of Fe and Co necessary for phase sepa­
ration. This was also observed in the type C samples in section 4.2.1.1(g) and (h). The
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Figure 4.53. Variation of and Rg with the Fe/(Fe+Co) ratio for the type F and 
type C samples, after annealing at 1000 °C for 1 hour: (a) versus Fe/(Fe+Co);
(b) Rg versus Fe/(Fe+Co).
126
1
%
'O
3200
2400 -
1600 -
800 -
0
• random 
 ^ channelled
I1
siA#
lZ
m
8
è
ft
8
:ft
é
150 200 250 300 350
Channel number
400
(a)
B
II
T3
?
3200
2400
1600
800-
0
M random
channelled
••
/
\ V *A ,
»/
u
%
#
150 200 250 300
Channel number
350 400
(b)
Figure 4.54. Random and channelled RBS spectra for samples implanted with 
2.5x10^^ Co^ cm'^ at 250 keV plus 2.5x10*’ Fe’" cm‘^  at 200 keV, prior to annealing:
(a) type F; (b) type C.
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crystal quality of the sample improves upon annealing, decreases to 11% at 900 °C and 
increases again to 15% at 1000 °C. The increase in at 1000 °C is believed to be due to 
the dechannelling effect of a surface oxide approximately 300 Â thick, resulting from the 
annealing process. This oxide is significantly thicker than the surface oxide after annealing 
at 900 °C (see figure A1.1 for the effect on the dechannelled yield of the oxide thickness of 
thermally oxidised silicon).
Figure 4.55 shows the random and channelled RBS spectra for the type C sample annealed 
at 1000 °C. The low dechannelled yield (discussed above) indicates that the silicide layer is 
highly coherent with the substrate. The solid line in Figure 4.55 is a simulation of the ran­
dom spectrum. The fit to the spectrum was made by using a model comprising of a surface 
silicon dioxide layer approximately 300 Â thick and a three-layered silicide structure with 
the following thicknesses and compositions: (i) 1250 Â of Feo5gCoo26Si2, (ii) 500 Â of 
Feo C^Oo^ gSig, and (iii) a silicon rich layer approximately 225 Â thick, necessary to model the 
rough interface. On the basis of the results discussed previously (see section 4.2.1.1(g)), 
the first layer has an a-FeSij like structure with approximately 32% of the Fe atoms in the 
lattice replaced by Co atoms, while the second layer has a CoSi^ like structure with ap­
proximately 10% of the Co atoms in the lattice replaced by Fe atoms. Note that, except for 
the implantation energy of Co, the fabrication parameters of this sample are similar to 
those of the type C sample in section 4.2.1.1(g) which was implanted with the same doses 
of Fe and Co, both at 200 keV. However, the structures after annealing at 1000 °C are sig­
nificantly different.
(b) 2.5 X 10^^ Cd^ cm^ (200 keV)plus 2 .5 x  10^^Fe'^ cm^ (250 keV)
A type C sample was implanted with 2.5 x 10*’ Co*" cm'^ at 200 keV and then 2.5 x 10*’ 
Fe'" cm'^ at 250 keV. The as-implanted sample has a of 52% which decreases with an­
nealing temperature and reaches 11% at 1000 °C. The beginnings o f phase separation were 
again observed at 700 °C. Figure 4.56 shows the random and channelled RBS spectra for 
the sample annealed at 1000 °C. The solid line, which is a simulation of the random spec­
trum, uses a model comprising of a surface layer of silicon dioxide 325 Â thick and a four- 
layered silicide structure with the following thicknesses and compositions: (i) 500 A of
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Figure 4.55. Random and channelled RBS spectra for the type C sample implanted 
with 2.5x10*’' Co*" cm'^ at 250 keV plus 2.5x10*’' Fe’*’ cm"^  at 200 keV, and subse­
quently annealed at 1000 °C for 1 hour. The solid line is a simulation of the random 
spectrum.
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Figure 4.56. Random and channelled RBS spectra for the type C sample implanted 
with 2.5x10^^ Co^ cm'  ^ at 200 keV plus 2.5x10^’ Fe^ cm'^ at 250 keV, and subse­
quently annealed at 1000 °C for 1 hour. The solid line is a simulation o f the random 
spectrum.
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00 375 Â of Fe^ g^COq^ ggSig, (iii) 900 Â of Fe^ ggCOq^ gSig, and (iv) a silicon 
rich layer 300 Â thick, which was necessary to model the rough interface. The structure of 
this sample is similar to that of the sample implanted with the same doses of Fe and Co, 
both at 200 keV (see section 4.2.1.1(g)).
4.2.3 Intermediate anneal
Two samples, one type F and another of type C, were implanted with 2.5 x 10'^ Co^ cm'  ^
at 200 keV and 2.5 x 10'^ Fe'*' cm'  ^at 200 keV. The type F sample was annealed at 900 °C 
for 1 hour, to synthesise p-FeSij, prior to the Co implant. The type C sample was annealed 
at 1000 °C for 1 hour prior to the Fe implant. The as-implanted type F sample has a Xm of 
95% which decreases to 89% after annealing at 1000 °C. The random and channelled RBS 
spectra after annealing at 1000 °C is shown in Figure 4.57, Note the long tail at the back 
edge of the metal distribution which is indicative of metal diftusion into the substrate. This 
roughening of the silicon/silicide interface is probably due to the oxidation of the silicide 
layer during annealing and will be further discussed in section 4.4. The as-implanted type C 
sample has a Xm of 63%, increases to 72% at 700 °C and then decreases to 15% after 
annealing at 1000 °C. The beginning of phase separation occurs at 700 °C.
Figure 4.58 shows the random and channelled RBS spectra of the type C sample after 
annealing at 1000 °C, with the solid line being a simulation of the random spectrum. The 
model used in this fit comprises a layer of silicon dioxide 300 Â thick and a three-layered 
silicide structure with the following thicknesses and compositions: (i) 425 Â of 
Feq igCOg ggSig, (ii) 1250 Â of Fegg^ COoggSig, and (iii) a silicon rich layer 250 Â thick, which 
was necessary to model the rough interface. The first layer is likely to have a cubic 
CoSi^-like structure with 18% of the Co atoms in the lattice replaced by Fe atoms. The 
second layer has a stoichiometric composition similar to a-FeSi^ with 34% o f the Fe atoms 
in the lattice replaced by Co atoms.
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Figure 4.57. Random and channelled RBS spectra for the type F sample implanted 
with 2.5x10'^ Fe^ cm'  ^ at 200 keV, and then annealed at 900 °C for 1 hour, fol­
lowed by an implantation of 2.5x10'^ Co^ cm‘^  at 200 keV, and subsequently an­
nealed at 1000 °C for 1 hour.
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Figure 4.58. Random and channelled RBS spectra for the type C sample implanted 
with 2.5x10*^ Co^ cm'^ at 200 keV, and then annealed at 1000 ®C for 1 hour, fol­
lowed by an implantation of 2.5x10‘^  Fe^ cm'  ^ at 200 keV, and subsequently an­
nealed at 1000 °C for 1 hour. The solid line is a simulation of the random spectrum.
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4.2.4 Implantation temperature
As was mentioned in section 3.2.2 the sample was heated by the power of the incident ion 
beam during implantation. The implant temperatures are estimated based on results ob­
tained from infrared optical pyrometry measurements for oxygen implanted into silicon 
[20]. The samples in section 4.2.1 were implanted using current densities of 15.5 pA/cm^ 
and 10.8 pA/cm^ for the Fe and Co implants, respectively. Both species were implanted at 
an energy of 200 keV. It was estimated that the current densities and implant energies re­
sulted in temperatures of 500 °C and 350 °C for Fe and Co implants, respectively. One may 
ask what role, if any, does the implant temperature of each species play in determining the 
structural properties of the synthesised silicide? In particular, can it account for difference 
in the crystal quality between the type F and type C samples observed for certain Fe/Co ra­
tios, since the implantation temperature of the final species (Co) is lower for the type F 
samples.
A type F sample was implanted with current densities of 10.8 jiA/cm^ and 15.5 jiA/cm^ for 
the Fe and Co implants, respectively, with both species implanted at 200 keV. This re­
sulted in implant temperatures o f 350 °C and 500 °C for the Fe and Co implants, respec­
tively. Note that the implant energies and doses of the two species are identical to that of 
the type F sample in section 4.2.1.1(g) but the implant temperatures are reversed. The as- 
implanted material has a %u o f 98% and no change is observed after annealing at 1000 °C. 
The RBS spectra are very similar to those of the type F sample in section 4.2.1.1(g). Al­
though it is possible that the implant temperature of each species can play a part in deter­
mining the structure of the silicide layer, it appears that it does not account for the 
structural differences observed between the type F and type C samples for certain Fe/Co 
ratios. One must also bear in mind that a different current density implies a different dose 
rate which is known to influence the crystallinity of CoSij [21].
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4.2.5 Annealing time
4.2.5.1 Annealing at 1050 C for 1 minute
So far the results presented have been for samples all annealed for 1 hour. The results pre­
sented in this section will look at the effect of shorter anneals on the type C sample in sec­
tion 4.2.1.1(g). To recap, this sample was implanted with 2.5x10’^  Co^ cm'  ^ at 200 keV 
plus 2.5x10’^  Fe^ cm'^ at 200 keV. Phase separation began after annealing at 700 °C and 
culminated in a multi-layered structure after annealing at 1000 °C (see Figure 4.35).
The random and channelled RBS spectra for the sample annealed at 1050 '’C for 1 minute 
are shown in Figure 4.59a. The random spectrum is similar to that of the sample annealed 
at 1000 for 1 hour, indicating that the phase separation is similar. This sample has a 
of 30%, much higher than the sample annealed at 1000 °C for 1 hour which has a of 
9%. This result indicates that the diffusion of Fe and Co necessary for phase separation oc­
curs quite rapidly, however, a longer anneal time is required to reduce the defect density. 
The random and channelled RBS spectra of the sample annealed at 750 °C for 10 minutes 
plus 1050 °C for 1 minute is shown in Figure 4.59b. Again the random RBS spectrum is 
similar to that of the sample annealed at 1000 °C for 1 hour. With the addition of the 750 
°C anneal Xm has been reduced to 12% which is comparable to that o f the sample annealed 
for 1 hour.
4.2.5.2 Annealing at 1000 “C for 16 hours
The purpose of this experiment was to see if the difference in structures of the type F and 
type C samples (for Fe/Co = 1) after annealing at 1000 °C for 1 hour was due to a kinetic 
effect. To recap, the type C samples phase separated into multi-layered structures consist­
ing of the cubic CoS^ like phase and a-FeSij like phase. The final structure, i.e. number of 
layers and composition of each layer, was determined by the implantation energy of each 
species and whether or not an intermediate anneal was performed. On the other hand, it is 
strongly believed that the type F sample consists of a microcrystalline mixture of the cubic 
CoS^ like phase and cc-FeSi  ^like phase. Both type F and type C samples were annealed at
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Figure 4.59. Random and channelled RBS spectra for the type C sample implanted 
with 2.5x10*^ Co^ cm'^ at 200 keV plus 2.5x10^^ Fe^ cm'  ^at 200 keV: (a) annealed 
at 1050 “C for 1 minute; (b) annealed at 750 °C for 10 minutes plus 1050 °C for 1 
minute.
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1000 °C for 16 hours to study the effect of the longer annealing time on the crystal quality 
and phase separation.
(a) 2 .5X 10^^ Co^ cm^ (200 keV)plus 2 .5 x 10^^Fe^ cm^ (200 keV)
The results for the type F and type C samples annealed at 1000 °C for 1 hour were pre­
sented in section 4.2.1.1(g). Except for a rougher silicon/silicide interface the random and 
channelled RBS spectra of the type F sample annealed for 16 hours is similar to that of the 
sample annealed for 1 hour. The random and channelled RBS spectra of the type C sample 
annealed for 16 hours is shown in Figure 4.60. Apart from the much thicker surface oxide 
layer the phase separated structure of this sample is significantly different from the struc­
ture of the sample annealed for 1 hour. The sample annealed for 1 hour consists o f three 
main silicide layers, while the sample annealed for 16 hours is similar to the type C sample 
in section 4.2.2(a) which consists of two main silicide layers. It appears that either anneal­
ing for 1 hour does not produce a stable structure and/or the final structure is determined 
by the degree of oxidation. The second reason is the most likely explanation since the 
phase separated structures o f samples annealed for 1 minute (see section 4.2.5.1) and 1 
hour are similar. Another interesting fact is that the oxide layer is about twice as thick for 
the type C sample compared to the type F sample even though both samples were annealed 
at the same time. This could be due to the diffusion of the metal species, necessary for 
phase separation in the type C samples, leaving free silicon and thus enhancing the oxida­
tion rate. Also, if diffusion of Si from the substrate to the oxide layer is necessary for the 
formation of the oxide layer (see section 2.6) then different diffusion coefficients for Si in 
the type F and type C samples can be expected due to the difference in structures.
(b) 2.5 X  10^^ Co^ cm^ (250 keV)plus 2 .5x 10^^Fe" cm'^ (200 keV)
The results for the type F and type C samples annealed at 1000 °C for 1 hour were pre­
sented in section 4.2.2(a) The random and channelled RBS spectra of the type F sample 
annealed for 16 hours is similar to that of the of the sample annealed for 1 hour. The ran­
dom and channelled RBS spectra of the type C sample annealed for 16 hours is shown in 
Figure 4.61. Apart from the thicker oxide layer the random spectrum is similar to that of
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Figure 4.60. Random and channelled RBS spectra for the type C sample implanted 
with 2.5x10*^ Co^ cm'^ at 200 keV plus 2.5x10’’ Fe^ cm’” at 200 keV, and subse­
quently annealed at 1000 °C for 16 hours.
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Figure 4.61. Random and channelled RBS spectra for the type C sample implanted
with 2.5x10” Co^ cm’^  at 250 keV plus 2.5x10” Fe  ^ cm’^  at 200 keV, and subse­
quently annealed at 1000 °C for 16 hours.
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the sample annealed for 1 hour. In contrast to the type C sample in section (a) it appears 
that increased oxidation does not affect phase separation. This result may be due to the 
two layered structure being more stable than the three layered structure. Note that the type 
C sample has a thicker oxide layer than the type F sample, similar to the results presented 
in section (a).
4.3 BURIED SELICIDE LAYERS
In this section the evolution of buried silicide layers with annealing temperature is exam­
ined. The total implanted dose and implantation energy were chosen so that a buried sili­
cide layer resulted. Two samples, one type F and one type C, were implanted with 2x10^^ 
Co^ cm'^ at 250 keV plus 2x10’^  Fe"" cm'^ at 250 keV. Figures 4.62a and 4.62b show the 
random and channelled RBS spectra for the type F and type C samples prior to annealing. 
The peak at the front edge of the Si signal corresponds to the surface Si layer. The ratio 
Si/(Fe+Co) at the peak of the metal distribution is equal to 2.3 and 2.7 for the type F and 
type C samples respectively. Note that the silicide layers are Si rich in the as-implanted 
state, in contrast to the surface silicides which were metal rich in the as-implanted state. 
This is due to the lower implanted dose of metal and the higher implant energy which pro­
duces a broader metal distribution and thus a lower peak concentration.
The type F sample has a value of 97% prior to annealing which did not change signifi­
cantly upon annealing up to 1000 °C (see Figure 4.63). The variation of Si/(Fe+Co), at the 
peak of the metal distribution, with T^ is shown in Figure 4.64. For the type F sample the 
Si/(Fe+Co) ratio decreases from 2.26 in the as-implanted-state to 2.05 at 700 °C and then 
increases to 2.25 at 1000 °C. Above 700 °C the increase in the Si/(Fe+Co) ratio is indica­
tive of a phase transformation. The ratio o f 2.25 at 1000 °C suggests that this sample con­
sists of a mixture of a cubic CoSij and oc-FeSi  ^like phases which was also observed for the 
type F surface silicide layer (see section 4.2.1.1(g)). The silicide layer is buried until T^ is 
equal to 700 °C, after which the silicon surface layer is consumed by diffusion of metal to­
wards the surface and oxidation of Si during the annealing process. The diffusion of metal 
is necessary for the phase transformation of p-FeSi^ to a-FeSij.
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Figure 4.62. Random and channelled RBS spectra for samples implanted with 
2x10'^ Co’^ cm'^ at 250 keV plus 2x10^^ Fe^ cm"^  at 250 keV, prior to annealing:
(a) type F; (b) type C.
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Figure 4.64. Variation of Si/(Fe+Co) with for type F and type C samples im­
planted with 2x10^ Co^ cm'  ^at 250 keV plus 2x10^ Fe^ cm'^ at 250 keV.
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The type C sample has a value of 68% prior to annealing and decreases with to 16% 
at 1000 °C (see Figure 4.63). The variation of the Si/(Fe+Co) ratio, at the peak of the 
metal distribution, with T^ is shown in Figure 4.64 for the type C sample. The ratio de­
creases from 2.7 in the as-implanted state to 2.15 at 700 °C and then increases to 2.4 at 
1000 °C. Similar to the type F sample the increase in the Si/(Fe+Co) ratio above 700 °C is 
indicative of a phase transformation. In contrast with the type F sample the silicide layer 
remained buried even after annealing at 1000 °C.
The random and channelled RBS spectra of the type C sample annealed at 1000 °C is 
shown in Figure 4.65. The solid line is a simulation of the random spectrum. The fit to the 
spectrum was made using a model comprising of a surface silicon dioxide layer 300 Â 
thick, a Si layer 300 Â thick and a silicide layer 1600 Â thick with a composition o f 71 
atomic percent Si and 29 atomic percent metal, with equal concentrations of Fe and Co. 
The random RBS spectrum does not indicate that phase separation similar to that observed 
for surface layers has occurred, i.e. in layers running parallel to the surface. Using TEM 
Tavares et al [14] observed phase separation in buried (Co,Fe)Si2 layers synthesised by im­
planting Si (111) with equal doses of Co and Fe (Co implanted first). The two phases ob­
served were a B-oriented cubic CoSi^ like phase (containing some Fe) and a twinned 
a-FeSij like phase (containing some Co), running in a lamellae through the layer between 
the two silicon/silicide interfaces. Such a phase separation cannot be distinguished by RBS 
and the layer composition calculated from the spectrum is an average of the composition 
of the two phases. Note, however, that Si/(Fe+Co) = 2.4 at 1000 ®C for our sample, sug­
gesting that the entire silicide layer has the a-FeSi^ like structure. It is worth pointing out 
that Tavares et al [14] synthesised their buried layers in S i( l l l)  while our layer is synthe­
sised in Si(lOO). From the ratio of the channelled to random yields (-50%) the Si overlayer 
appears to be damaged crystalline material.
Another type C sample was synthesised by implanting Si with 2x10^ Co^ cm'^ at 300 keV 
plus 2x1 O'”' Fe^ cm'^ at 250 keV. The dependence of on T^ is similar to that of the type 
C sample with Co implanted at 250 keV. For the as-implanted sample the Si/(Fe+Co) ratio 
is equal to 2.28 compared with 2.7 when Co is implanted at 250 keV. However, upon
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Figure 4.65. Random and channelled RBS spectra for the type C sample implanted 
with 2x10^^ Co"" cm'^ at 250 keV plus 2x10*  ^Fe"^  cm'  ^at 250 keV, and subsequently 
annealed at 1000 °C for 1 hour. The solid line is a simulation of the random 
spectrum.
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annealing between 600 °C and 1000 °C the metal depth distributions and Si/(Fe+Co) ratios 
are identical to that of the sample implanted with Co at 250 keV.
4.4 OXIDATION EFFECTS
The results presented show that oxidation during the annealing process has affected all 
samples. As noted in section 2.6 oxidation generally results in the formation of SiO^, in 
preference to metal oxides, for silicides on a Si substrate. This phenomenon can be ex­
plained by the thermodynamics of the process, in terms of the heats o f formation [22]. The 
most obvious effects of oxidation are that the measured values of and Rg are higher 
than the actual values. The effect of the oxide thickness on the dechannelled yield for ther­
mally oxidised Si is shown in Figure A l. 1. As mentioned in section 2.6 oxidation leads to a 
roughening of the silicon/silicide interface [23] and this phenomenon has also been ob­
served in this work. Note that all reports of oxidation of silicides are for silicides that have 
already been formed and not during the annealing process as in our case.
It appears that oxidation plays a role in the phase separation observed for type C samples. 
The results presented in sections 4.2.1.1(g) and 4.2.5.2(a) suggests that the degree of oxi­
dation plays a part in determining the phase separated structure. The sample annealed at 
1000 °C for 1 hour consists of three main silicide layers, while the sample annealed at 1000 
°C for 16 hours consists of two main silicide layers in addition to a thicker oxide layer. To 
form an oxide both metal and/or Si diffusion are necessary (see section 2.6). Phase separa­
tion also requires diffusion of the metal species, so it is highly likely that the diffusion of 
the metal species, driven by the oxidation process, can have an effect on phase separation. 
It is worth noting that oxidation of a Si surface above an impurity layer often results in a 
large increase of the impurity diffusivity above that normally observed [24]. However, it is 
not suggested here that the phase separated structure of the type C samples is solely deter­
mined by the oxidation process, (this will be further discussed in the following section). 
The lack of phase separation for the type C buried silicides, into layers running parallel to 
the surface, similar to that observed for the surface silicides, is further evidence that oxida­
tion plays a role in determining the phase separated structure. For the buried silicide layers
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the Si necessary for the oxide formation is readily available and thus diffusion of the metal 
species is not necessary. In section 4.2.5.2 it was noted that, for the surface silicides, the 
oxide layer is thicker for the type C sample compared to the type F sample even though 
both samples were annealed at the same time. This is thought to be due to the difference in 
the structures of the type F and type C samples.
4.5 MORPHOLOGY AND PHASE SEPARATION
4.5.1 Composition and morphology
The results presented show that the type F and type C samples are similar, in terms of the 
structure, for some compositions, while they are significantly different for other composi­
tions. The compositions of the samples studied in section 4.2.1 are listed in Table 4.1 and 
it is also indicated whether the type F and type C samples have similar structures. Note 
that both species were implanted at 200 keV.
Table 4.1
Sample Co Dose (cm'^) Fe Dose (cm‘^ ) type F and type C similar
I 5x10^ 4.95x10'" yes
II 4x10^ 4.6x10'" yes
in 5x10^ 4.5x10'" yes
IV 1.5x10'^ 3.5x10'" no
V 2.5x10^" 2.5x10'" no
VI 3.5x10’^ 1.5x10'" no
VII 4.5x10’^ 5x10'® yes
vni 4.95x10'" 5x10'® yes
145
The type F and type C structures o f samples I, II and III are similar. They are believed to 
have a structure similar to FeSij, with the |3 phase occurring at lower temperatures and the 
a  phase at higher temperatures (see sections 4.2.1.1 (c), (d) and (e)). The transition tem­
perature from the p to the a  phase decreases with increasing Co content. Although the 
type F and type C structures of sample IV do not show the same degree of epitaxy with 
the substrate, they are both believed to have an FeS^ like structure, based on the results of 
RBS and optical absorption measurements (see section 4.2.1.1 (f)). However, the epitaxial 
match of the type C layer with the substrate is superior to that of the type F layer. The bet­
ter epitaxial match of the type C structure is believed to be due to a thin Co rich region at 
the silicon/silicide interface (see Figure 4.20) which acts as a 'buffer' layer, reducing the lat­
tice mismatch, and thus facilitating the formation of an epitaxial FeS^ layer. It is worth 
noting that Panknin et al [25] reported that it is possible to substitute up to 20% Co into 
the P-FeSig structure, in silicide layers synthesised by first implanting Fe and then Co.
The results presented here show that the order in which the species are implanted, for sam­
ples V and VI, plays an important role in determining the as-implanted structures and also 
the subsequent development o f the annealed structures. It is believed this behaviour can be 
explained by the minimisation o f the free energy of the as-implanted type F and type C 
structures and will be discussed in greater detail in section 4.5.2. The phase separation of 
the type C samples; and the dependence of the phase separated structures on the fabrica­
tion parameters and the degree o f oxidation will be discussed in section 4.5.3.
The type F and type C structures of samples VII and VIII are similar. They are believed to 
have a structure similar to CoS^ (see sections 4.2.1.1 (i) and (j)).
Thus, it appears that up to 10% of Fe or Co can be accommodated in the matrix of CoSi^ 
or FeSij, respectively, without affecting the structure. It also appears that the implant or­
der is not important in this compositional region. For 30-50% of either Fe or Co the im­
plant order plays an important role in determining the structure of the silicide layer. 
Unfortunately we have no results in the region of 10-30% of Fe or Co but it is quite possi­
ble that the type F and type C samples may have similar structures beyond 10% of Fe or 
Co.
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4.5.2 Free energy and morphology
We suggest that the difference in morphology of the as-implanted type F and type C struc­
tures of samples V and VI is due to the minimisation of free energy. The change of the 
Gibbs free energy AG when a new phase nucleates is given in equation 2.1 and will be re­
peated here
AG — V{AGv+AGe) +Ay (4.2)
V is the volume, A is the interface area, AGy is the change in the free energy per unit vol­
ume due to nucléation of the new phase, AG^ is the increase in the elastic strain energy per 
unit volume of the precipitate and y is the interfacial energy. It should be noted that AGy 
and AGg have opposite signs with AGy negative.
The change in the free energy per unit volume due to the nucléation of a new phase, AGy, 
can be approximated by the enthalpy of formation of the new phase, AHy, since the en­
tropy term is expected to be very small for a compound [26]. Recommended values for 
AHy at room temperature are -30.6 and -34.3 kJ/mol of atoms for FeS^ and CoSi^, re­
spectively [27]. Thus, the thermodynamic driving force for the formation of CoS^ is 
greater than that for the formation of FeSij.
There are two different origins o f strain that can be developed by the formation of a new 
phase in a matrix [28]. One type of strain is that caused by a misfit between the precipitate 
and the matrix before the precipitate is large enough to induce dislocations to reduce the 
strain energy. For a spherical precipitate the elastic strmn energy due to the misfit, AGg*^ , is 
given by [29]
A G f = Ce2 (4.3)
where C is related to the shear moduli and Poisson ratios of the matrix and precipitate and 
8 is the misfit parameter. For CoSij in a Si matrix s = 0.012 while for p-FeSi^ e varies
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between 0.014 and 0.055, depending on the epitaxial orientation with the Si matrix (see 
section 2.4.1). Although 8 is smaller for a-FeSi^ in a Si matrix it has only been observed in 
the as-implanted structure for low Fe concentrations (between 11 and 21 atomic percent 
Fe [16,30]). Thus, the formation of the a  phase is possible in the tail of the implant profile 
which corresponds to the silicon/silicide interface of a continuous layer. The a  phase has 
indeed been observed at the silicon/silicide interface of a type C sample implanted with 
equal doses of Fe and Co (see section 4.2.1.1(g)). The elastic constants necessary to calcu­
late the strain energy have been reported for CoSi^ [31] but values for p-FeSi^ could not be 
found for comparison. However, since the strain energy is proportional to the square of 
the mismatch parameter (see equation 4.3), the strain energy due to a p-FeSi^ precipitate in 
a Si matrix is expected to be significantly higher than that due to a CoS^ precipitate in a Si 
matrix.
A second type of strain is that caused when the new phase occupies a different volume 
from the region of the matrix that it has replaced. This phenomenon is common for silici- 
dation since silicide formation results in a net volume shrinkage [32]. The net volume 
shrinkage can be obtained with a knowledge of the atomic density of Si atoms in the sili­
cide lattice which can be calculated with the unit cell data in sections 2.3.1 and 2.4.1. The 
atomic density is equal to 4.98x10"" cm", 5.18x10"" cm" and 5.32x10"" cm" for the Si, 
CoSi, and P-FeSi^ lattices, respectively. From the values above the net volume shrinkage is 
about 4 and 6.8% for CoSi^ and P-FeSi^, respectively. Thus, volume shrinkage also leads 
to a larger strain energy for p-FeSi^ in a Si matrix compared to CoSig in a Si matrix.
Another contribution to the Gibbs free energy upon nucléation of a new phase is the inter- 
facial energy, y. For a fully coherent interface the only contribution to y is from the higher 
energy of the unlike bonds (i.e. a chemical term) across the interface between the nucle­
ated phase and the matrix [28]. If there is a misfit between the nucleated phase and the ma­
trix the system can lower its strain energy by the generation of dislocations. Thus, for a 
semi-coherent interface y has two components; a chemical term as discussed for a coherent 
interface and an additional structural term due to the dislocations. Since P-FeSi^ is
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orthorhombic and has a very different structure from the Si substrate, one would expect y 
to be larger than that for the cubic CoSij structure [33].
From the above discussion, both the strain energy and interfacial energy terms are ex­
pected to be much larger for the P-FeSi^ structure compared to the CoSi^ structure. Thus 
one would expect the cubic CoSij structure to nucleate in preference to the orthorhombic 
P-FeSij structure.
For a type F sample when Fe is implanted first p-FeSi^ precipitates nucleate. When Co is 
subsequently implanted into this structure most of the Co atoms go into the formation of 
CoSig precipitates to minimise the free energy of the system. There would also be some 
mixing of Fe and Co to form a ternary silicide. The silicide layer would then consist of a 
mixture of p-FeSi2 (with a small amount of Co), CoSi^ (with a small amount of Fe) and a 
ternary silicide. Such a structure has indeed been observed by Tan et al [12] using EXAFS 
for a sample implanted with Fe and subsequently implanted with Ni. They also found evi­
dence of the existence of a ternary monosilicide consisting of equal amounts o f Fe and Ni. 
In this case the role of Ni should be the same as Co, since the silicide formation and phase 
evolution in samples implanted with either Co or Ni are identical [34]. Note that our RBS 
results indicate that samples annealed at 1000 °C consist of a mixture o f the cubic CoS^ 
like and a-FeSi^ like phases. This result suggests that the as-implanted structure consists 
o f a mixture of the cubic CoSij like and P-FeSij like phases. Also, the fact that the as- 
implanted sample has a metal rich composition indicates the presence of a monosilicide 
phase similar to the results of Tan et al [12]. It appears that annealing results in the phase 
separation and conversion of the ternary monosilicide into CoSi^ (containing a small 
amount of Fe) and p-FeSi2 (containing a small amount of Co). The p phase is then con­
verted to the a  phase at higher temperatures.
For the type C samples, Fe is implanted into a Si matrix containing coherent CoSig precipi­
tates. In this case, in order to minimise the free energy of the system, Fe is incorporated 
into the CoSij structure, forming a ternary disilicide with the cubic structure. The CoS^ 
precipitates, therefore, act as templates for continued epitaxial growth. The cubic CoS^ 
like structure has been observed by Tan et al [12], Tavares et al [14] and ourselves in the
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as-implanted material. Upon annealing phase separation of the ternary silicide is observed. 
This will be discussed further in the following section.
The observed results can be accounted for, in terms of the lattice mismatch of the silicide 
phases with the Si matrix. Bulk thermodynamic properties, such as the enthalpy of forma­
tion of the silicides, does not appear to play a dominant role in determining the morphol­
ogy of the as-implanted samples.
4.5.3. Phase separation of type C samples
Phase separation, into layers running parallel to the surface, was observed upon annealing 
in all samples implanted with 2.5x10'" Co^ cm" plus 2.5x10'" Fe^ cm". Phase separation 
into layers was also observed for the sample implanted with 3.5x10'" Co^ cm" plus 
1.5x10'" Fe^ cm". It is interesting to note that the phase separated structure (i.e. number of 
layers and layer thickness and composition) is influenced by the Fe/Co ratio, the implanta­
tion energies o f Fe and Co and whether an intermediate anneal was done before the Fe 
implant.
As noted in section 2.5 no evidence for the existence of the ternary phase with the disili­
cide composition is found in the Co-Fe-Si phase diagram [17] at 800 °C. However, our re­
sults prove the existence of the ternary phase at 1000 °C. One must bear in mind that the 
ternary phase diagram mentioned above was deduced for bulk materials and similar alloys 
might behave differently in thin films. For example, the metastable cubic y-FeSij phase is 
unstable in bulk form but is stable in very thin films [35] or small precipitates [15], due to a 
favourable lattice match to Si.
As was discussed in section 4.4 it is believed that oxidation, during the annealing process, 
plays an important role in determining the phase separated structure. However, oxidation 
is unlikely to be the only factor that determines the phase separated structure. The damage 
profiles generated by the implanted species could also play a part in determining the phase 
separated structure. It is expected that vacancies and interstitials would be critical in deter­
mining the diffusion necessary for the formation of any new phase. For example, the phase 
separated structure is dependent on the energy of the implanted species, and it is known
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that the damage profile is energy dependent. It should be pointed out, though it is not di­
rectly relevant to the present discussion, that because of the similarity of the masses of Fe 
and Co their damage profiles are similar if the same implantation energies are used. Thus, 
this is very unlikely to play any part in determining the different morphologies of the type F 
and type C samples.
Furthermore, nucléation of any new phase is likely to occur at lattice defects produced by 
ion implantation [36]. Due to substrate heating during implantation, defects in Si, e.g. va­
cancies and interstitials, are highly mobile and thus extended defects, such as dislocation 
loops, can be produced [37]. Dislocations can induce nucléation in several ways [38]. The 
lattice distortion in the vicinity of a dislocation can reduce the strain energy of the nucleus 
and thus promote nucléation. Also nucléation on dislocations may also be assisted by sol­
ute segregation which can alter the composition of the matrix to nearer that of the new 
phase.
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CHAPTER 5 
CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK
5.1 CONCLUSIONS
In this work DBS has been used to produce both surface and buried ternary iron-cobalt silicide 
layers in Si(lOO). For the surface layers the effects of the implant order, composition, implan­
tation energy, implantation temperature, intermediate anneals, and the annealing temperature 
and time on the morphology of the synthesised layers were examined. Also the dependence of 
the sheet resistance of the surface layers on the implant order, composition and the annealing 
temperature was also studied. The evolution of the structure of buried silicide layers, contain­
ing equal amounts o f iron and cobalt, with annealing temperature was studied. The effect of 
the implant order on the morphology of the layers was also examined. In the following para­
graphs the results obtained for the surface silicide layers will be summarised first, followed by 
a summary o f the results for the buried layers. The same notation used to identify samples in 
chapter 4 will be used here, i.e. samples with iron implanted first will be referred to as type F 
while samples with cobalt implanted first will be referred to as type C.
For the surface layers both species were normally implanted at 200 keV (although in some 
cases one of the implants was carried out at 250 keV) and a total implanted dose of 5x10'" 
cm'" was used, with the composition varying from pure FeS^ to pure CoSi^. The layers can be 
grouped into three structural classes, determined by the composition, which are summarised 
below.
For Fe/(Fe+Co) = 0.99 to Fe/(Fe+Co) = 0.7 both the type F and the type C samples have the 
P-FeSi^ structure at low temperatures and the cc-FeSi^ structure at higher temperatures. Incor­
poration of Co into the P-FeSi^ matrix reduces the phase transition temperature from the p to 
the a  phase (about 950 °C for pure p-FeSi^ and less than 900 °C for Fe/(Fe+Co) = 0.7). The 
sheet resistance values of the type F samples are lower than those of the type C samples. This 
is believed to be due to the higher Co content of the type F samples, since in the type C sam­
ples Co is implanted first and is then sputtered by the subsequent Fe implant. The sheet resis­
tance was observed to decrease with increasing Co content. The crystal quality of the silicide
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layers, quantified by the parameter (defined as the ratio of the channelled to random yields 
in the metal part of the spectra), is similar for the type F and type C samples except for the 
case when Fe/(Fe+Co) = 0.3. In this case the epitaxial match of the type C layer with the sub­
strate is better than that of the type F layer, which is incoherent with the substrate. The better 
epitaxial match of the type C layer with the substrate is believed to be due to a thin Co rich re­
gion at the silicon/silicide interface which acts as a buffer layer, thus reducing the mismatch 
and facilitating the formation of an epitaxial FeSij layer. For all other cases both the type F and 
type C samples are incoherent with the substrate.
For Fe/(Fe+Co) = 0.01 to Fe/(Fe+Co) = 0.1 both the type F and type C samples have the 
CoS^ structure. They both have similar sheet resistance values which decrease with increasing 
annealing temperature. The sheet resistance was observed to increase with increasing Fe con­
tent. For both the type F and type C samples decreases with annealing temperature in a 
manner similar to that of the pure CoSij sample. Though the values are different at lower 
temperatures, for the type F and type C samples, they have similar values at 1000 °C. All the 
samples in this group have a Xm value at 1000 °C that is similar to that of the pure CoSig sam­
ple (about 6-7 %).
For Fe/(Fe+Co) = 0.3 to Fe/(Fe+Co) = 0.5 the layer morphology of the type F and type C 
samples are significantly different. For the type F samples the silicide layers were non­
crystalline prior to annealing and there was no significant improvement in the crystal quality 
upon annealing up to 1000 °C. Our results suggest that the as-implanted type F samples con­
sist of a microcrystalline mixture o f the cubic CoSi^-like and the orthorhombic p-FeSi^-like 
phases with the P phase transforming to the a  phase at higher temperatures. On the other hand 
the as-implanted type C samples consist mainly of the cubic CoSig-Iike phase which is coherent 
with the substrate. The crystal quality of these samples further improved upon annealing up to 
1000 “C. Phase separation into Fe and Co rich regions, running parallel to the sample surface, 
was observed upon annealing the type C samples. At 1000 °C the Fe rich region has the 
tetragonal oc-FeSi^-like structure while the Co rich region has the cubic CoSig-like structure.
To gain further information about the source of the morphological difference of the type F and 
type C samples the effect of the implantation energy, implantation temperature, intermediate
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anneals and annealing time were examined for Fe/(Fe+Co) = 0.5. The implantation tempera­
ture of each implanted species was eliminated as the source of the morphological difference. A 
longer annealing time (16 hours instead of 1 hour) while having some effect on the morphol­
ogy of the type C samples did not change the morphology of the type F samples, thus preclud­
ing a kinetic effect as the reason for the morphological difference. The effect of the annealing 
time on the layer morphology of the type C samples is believed to be mainly a result of in­
creased oxidation due to the longer annealing time. Implanting Fe and Co at different energies 
and performing an intermediate anneal had no effect on the morphology of the type F samples. 
However, these parameters while having no significant effect on the overall crystal quality of 
the type C samples did have an effect on the layer morphology, in terms of the number of re­
gions after phase separation and the thickness and composition of each of these regions.
The difference in the morphology of the type F and type C samples is believed to be due to the 
minimisation of the fi*ee energy of the system, in particular the elastic strain energy. For a type 
F sample, Co is implanted into a Si matrix containing incoherent P-FeSi^ precipitates. In order 
to minimise the strain energy most of the Co atoms go into the formation of CoS^ precipitates 
which have a smaller lattice mismatch with Si compared to the p-FeSi^ structure. The as- 
implanted layer thus consists o f a mixture of p-FeSi^-like and CoSi^-like phases. The p phase is 
converted to the a  phase at higher temperatures. For a type C sample, Fe is implanted into a 
Si matrix containing coherent CoSi^ precipitates. In order to minimise the elastic strain energy 
Fe is incorporated into the CoSi^ structure, forming a ternary disilicide with the cubic struc­
ture. The ternary phase separates into Fe rich and Co rich phases at higher temperatures. As 
was previously mentioned the morphology of the silicide layer after phase separation is influ­
enced by the implantation energy of each species, performing an intermediate anneal and also 
the degree of oxidation. The sheet resistance of the type F samples is higher than that of the 
type C samples between 800 °C and 1000 °C. This is believed to be due to the polycrystalhne 
nature of the type F samples.
For the buried layers both species were normally implanted at 250 keV (although in one case 
Co was implanted at 300 keV) with a total implanted dose of 4x10'" cm'". The morphology of 
the type F sample was similar to that of the surface layers. However, for the type C sample no
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phase separation into regions running parallel to the sample surface was observed, similar to 
that seen in the surface layers.
In summary, the effect of the implant order and varying certain fabrication parameters on the 
morphology and sheet resistance of ternary iron-cobalt silicide layers has been studied. The 
layer morphology was strongly influenced by the composition. For samples containing ap­
proximately equal amounts of Fe and Co the layer morphology was determined by the implant 
order. For this composition epitaxial layers were obtained when Co was implanted first while 
implanting Fe first resulted in polycrystalline layers.
5.2 FUTURE W ORK
The results presented in this thesis are mainly on the structural properties of the synthesised 
layers. In order to assess if this material will be useful for device applications, it is essential to 
perform further structural measurements and also perform optical and electrical measurements. 
Ideas for future experiments are discussed below.
1. Optical absorption measurements could be performed on the semiconducting phase to 
obtain information on the variation of the band gap with composition. Information on 
the nature of the band gap, i.e. whether it is direct or indirect is extremely important 
for device applications. One may also ask if the nature and variation of the band gap 
with composition is affected by the fabrication method, such as, the implant order and 
performing intermediate anneals. The results reported in the literature seem to indicate 
that the fabrication method does affect the optical properties of this material (see 
section 2.5).
2. Hall measurements on the semiconducting phase to obtain information on the variation 
of the carrier mobility and concentration with composition.
3. Electrical measurements can be performed to obtain information on the variation of the 
barrier height of the silicide/silicon interface with the composition and fabrication 
method.
4. X-ray diffraction measurements to identify the phase composition of some samples, in 
particular for samples with approximately equal amounts of Fe and Co.
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APPENDIX 1 
VARIATION OF WITH OXIDE THICKNESS FOR Si(lOO)
The variation of the dechannelled yield with the surface silicon dioxide thickness, for Si(lOO) 
is shown in Figure ATI.  This experiment is intended to demonstrate the effect of the surface 
oxide on the dechannelled yield from a crystalline silicide layer (see results presented in chap­
ter 4). Ideally this would be best demonstrated by showing how the dechannelled yield from a 
silicide layer changes with the thickness of the surface oxide. However, no means of deposit­
ing an oxide layer was available. Thermal oxidation would change the crystal quality of the sil­
icide layer and thus defeat the purpose of the experiment. The next best alternative is to show 
the effect of the oxide thickness on the dechannelled yield from silicon. The oxide was grown 
in an oxygen ambient at 1000 °C. The thickness of the oxide layer was measured using a Tran- 
sitronics Mark II ellipsometer operating at 6328 Â. The oxide thickness was also calculated 
using RBS and assuming a mass density of 2.2 g/cm\ The oxide thickness obtained from both 
methods was within 2 nm. Figure A l. 1 shows a plot of versus oxide thickness, where 
is defined as the ratio of the channelled to random yields just behind the surface peak in the 
channelled spectrum.
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Figure ATI Variation of with oxide thickness for Si(lOO).
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APPENDIX 2 
LIST OF SAMPLES
Note that both type F and type C samples were synthesised for each of the following 
conditions, unless stated otherwise.
Table A2.1 Samples used in the study of surface silicides.
Co dose 
(cm-)
Fe dose 
(cm‘^ )
Implant energy
Co/Fe (keV)
Estimated implant 
temperature Co/Fe (°C)
Annealing (100 "C steps) 
600-1000 °C/1 hour
Annealing 
1000 T/16 hours
5x10'’ - 200/- 350/- * -
- 5x10'’ -/200 -/500 * -
4.95x10” 5x10'" 200/200 350/500 * -
4.5x10” 5x10'" 200/200 350/500 * -
3.5x10” 1.5x10'’ 200/200 350/500 * -
2.5x10” 2.5x10'’ 200/200 350/500 * (a) *
1.5x10” 3.5x10'’ 200/200 350/500 * -
5x10'" 4.5x10” 200/200 350/500 * -
4x10'" 4.6x10'’ 200/200 350/500 * -
5x10'" 4.95x10'’ 200/200 350/500 * -
2.5x10'’ 2.5x10” 250/200 440/500 * *
2.5x10” 2.5x10” 200/250 350/600 * (b) *
2,5x10” 2.5x10'’ 200/200 350/500 * (c) *
2.5x10” 2.5x10” 200/200 350/500 * (b) -
* Indicates annealing with these conditions was performed.
(a) One sample also annealed at 1050 °C/1 minute and another at 750 "C/10 minutes 
plus 1050 "C/1 minute.
(b) Only type F synthesised.
(c) Intermediate anneal at 1000 "C/1 hour (900 "C/1 hour) after Co(Fe) implant for 
type C(type F) sample.
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Table A2.2 Samples used in study of buried silicides.
Co dose 
(cm-’)
Fe dose 
(cm-’)
Implant energy 
Co/Fe (keV)
Estimated implant 
temperature Co/Fe (°C)
Annealing (100 ”C steps) 
700-1000 T/1 hour
2x10” 2x10” 250/250 440/600 *
2x10” 2x10” 300/250 520/600 * (a)
* Indicates annealing with these conditions was performed, 
(a) Only type C sample synthesised.
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